A microdevice for the improved presentation of biological samples for MALDI-TOF mass spectrometry by Hodgson, L
  
i 
 
 
 
 
A microdevice for the improved 
presentation of biological samples 
for MALDI-TOF mass spectrometry 
 
Lisa Jane Hodgson 
 
B. App. Sci (App. Chem.) 
 
B. App. Sci (App. Chem. Hons) 
 
 
 
A thesis submitted in fulfillment of the requirements for the degree of 
Doctor of Philosophy 
 
 
 
School of Applied Sciences 
College of Science, Engineering and Health 
RMIT University 
November, 2009 
 
  
ii 
 
 
 
DEDICATION 
 
 
 
 
 
 
To 
 
My parents, 
 
Colin and Lesley Hodgson 
 
for their on-going support and sacrifices, 
 
I dedicate my research to you. 
 
 
 
 
 
 
 
 
  
iii 
 
DECLARATION 
 
I certify that except where due acknowledgement has been made, the work is that of the 
candidate alone; the work has not been submitted previously, in whole or in part, to qualify for 
any other academic award; the content of the thesis is the result of work which has been carried 
out since the official commencement date of the approved research program; any editorial work, 
paid or unpaid, carried out by a third party is acknowledged and ethics procedures and 
guidelines have been followed. 
 
 
Lisa Jane Hodgson 
Wednesday 4th, November, 2009 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
iv 
 
ACKNOWLEDGEMENTS 
 
 
The success of any project is never limited to the individual who is undertaking the research.  I 
would like to take this opportunity to express my gratitude those who have run this marathon 
alongside me. 
 
First and foremost, I would like to thank my supervisor Associate Professor Peter Cullis, for 
sharing his vast knowledge of mass spectrometry with me and for his guidance and 
encouragement when designing and assembling the equipment used in this project.  I have so 
enjoyed our conversations, the scenic change of our meetings and attending conferences with 
you. 
 
Secondly, Dr. Julie Niere my surrogate supervisor without whom I would not have achieved my 
goals.  I am forever grateful for your support, encouragement, and for providing a home in the 
LC-NMR laboratory for my microfluidic device and myself. 
 
I am indebted to Mr. Frank Antolasic, for your technical assistance in keeping our MALDI 
running till the very end, and for the countless times you have gotten your tools out to assist me 
in one way or another.  I am grateful for your friendship, your ongoing words of encouragement 
and support during my candidature. 
 
To my workshop “boys”, Mr. Bruce Robinson and Mr. John Mepstead: not only would I like to 
acknowledge your technical skills that have enabled many of our designs to eventuate into 
devices during my PhD, I have so enjoyed our long chats and laughs.  Thanks for always having 
the jug warm for a cupper when I came to visit and for the chocolate treats that awaited me.  I 
consider you both family and I’m grateful for having a technical project that brought me back to 
the workshop time and time again and I hope that my smile brightened up your day too. 
 
I recognise Professor David Mainwaring and the Co-operative Research Centre (CRC) for 
Microtechnology for the financial support provided to this project.  In affiliation with the CRC I 
would like to gratefully acknowledge Mr. Jarrod Barker, who was a technical consultant on the 
design of the sample delivery device manufactured by CS Precision and Dr. Matthew Solomon 
(from miniFAB™ Pty. Ltd.), for manufacturing the microchannel in the sample delivery device 
and for his “charming personality”. 
  
v 
 
I would like to acknowledge those people within RMIT who assisted me with my project in one 
way or another (in alphabetical order): Dr. Britta Drevermann, Ms. Robyne Drysdale, Dr. Johan 
Du Plessis, Dr. John Fecondo, Mr. Philip Francis, Miss Sally Harrison, Mr. Karl Lang, Dr. Tracy 
Massil, Dr. Glenn Mattews, Mr. Paul Morrison, Dr. Pandiyan Murugaraj, Dr. Steven Privér, Miss 
Priyanka Reddy, and Dr. Robert Shellie.  I would like to particularly acknowledge: Dr. 
Mohammad Al Kobaisi, Dr. Antonietta Genovese and Dr. Samuel Ippolito for their assistance with 
SEM, TGA/DSC, and AFM respectively. 
 
To Mr. Kris Frost, your computer skills far exceed that of the IT department within RMIT and I 
am grateful for your assistance is getting the contact angle instrument back up and running at a 
crucial stage in my project.  To Miss Gemma Kirwan, an amazing woman, who I am blessed to 
know, thank you for assistance in the final stages of my project and for the welcome “hot 
beverage” breaks at uni. 
 
Much love and appreciation to Miss Sian Hudd, Mr. Grant Satherley, Mrs. Brooke Langdon, Mr. 
Scott Langdon, the Bathan family and the O’Ryan family for all the meals, wine and never-ending 
support. 
 
I am eternally blessed to have a loving family who has supported me every step of the way 
during my PhD which I’m sure at times was a challenging task; particularly the last 100 meters 
where the sprint to the finish line has been exhausting. 
 
To my mother and father-in-law to be, Alick and Christine Dias: you have opened your hearts 
and your home to me I am grateful for your love, support and understanding during my studies. 
 
To my brother and his wife, Steven and Annette Hodgson, thank you for your love and 
encouragement and for all of your amazing boys, particularly Ryan and my Godson Ethan, both 
of whom have brighten up my life with their smiles. 
 
To my amazing sister and her husband, Kerry and Anthony Spence thank you for opening your 
home up to me.  Your unconditional support, love and belief in me will never be forgotten.  
Thank you for the amazing meals and the countless glasses of red wine, for the laughs and the 
great times we have shared and will continue to share. 
 
 
 
  
vi 
 
To my wonderful parents, Colin and Lesley Hodgson: thank you for your patience and belief in 
me to achieve my goals and for your unconditional love, emotional and financial support.  I 
always love coming home to warm smile, a hug and my favorite meals! 
 
And finally, to my fiancé Dr. Daniel Dias the surprise blessing of my PhD.  The one, who drives 
me forward in life to achieve my goals, so that we can achieve ours.  Thank you for your 
unconditional love, support, and patience.  You always know how to make me smile and I look 
forward to our amazing life together. X x  
 
  
vii 
 
ABSTRACT 
 
This thesis describes the development of a novel off-line sample separation and presentation 
system compatible with an existing Bruker Biflex MALDI-TOF mass spectrometer.  More 
specifically, it describes the manufacture, characterisation and testing of a modified MALDI 
target that incorporates a removable insert coated with a customisable conductive polymer 
surface.  The concept of this target design is not limited to the dimensions of the Bruker Biflex II 
mass spectrometer and can therefore be applied to MALDI-TOF instruments in general. 
 
As the diverse nature of biological samples often complicates the sample-surface interactions 
leading to variability in MALDI results, it is desirable to be able to tailor the 
hydrophobicity/hydrophilicity of the target insert surface to enable a broader range of samples 
to be analysed.  Two surface modification systems were assembled and treating protocols were 
developed to enable controlled exposure of the polymer surface.  One of these, corona discharge 
treatment, achieved the desired surface modifications and was subsequently used.  A full 
characterisation of the surface morphology and chemical structure was accomplished. 
 
A novel open channel microfluidic sample delivery system was designed, manufactured and 
protocols were developed to deliver a standard peptide mixture to the surface of the target 
insert.  An electrospray deposition apparatus was assembled to deposit matrix to the analytes on 
the target surface.  The target insert was positioned within the modified MALDI target and mass 
spectra were obtained as the laser rastered along the surface. 
 
The mass spectra obtained demonstrated that spatial separation of a standard peptide mixture 
has occurred without compromising the quality of the mass spectra.  The difference in spatial 
distribution observed for treated and untreated CF-PE inserts indicated that manipulating the 
hydrophobic/hydrophilic character of the CF-PE surface of target inserts has considerable 
potential as a sample separation and presentation device for MALDI-TOF mass spectrometry.  
Although the separation afforded by the device was restricted by the area available for 
separation on the target surface.  These results are promising and may offer an alternative to the 
inclusion of traditional LC and CE separation techniques for protein mass spectral analyses.  
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1 
Introduction  
 
 
‘We shall not cease from exploration.’ 
T.S. Eliot 
 
 
In the quest to understand the human body, scientists have worked for decades in an effort to 
identify the human genetic sequence.  The science of genetics was founded by the pioneering 
work of Mendel in 1865 who proposed the fundamental laws of inheritance [1].  Insight into the 
molecular basis of heredity came in 1953 with the ground breaking discovery of the 
deoxyribonucleic acid (DNA) double helix by Watson and Crick [2].  Since then, genomic studies 
have been immeasurably altered by technological advances, providing the necessary tools to 
unlock the informational basis of heredity, the genome. 
 
February 2001 saw one of the most significant milestones in genetics, the publication of the 
draft version of the human genome sequence [3].  It was on April 14th, 2003 when the National 
Human Genome Research Institute, together with the Department of Energy and their partners 
in the International Human Genome Consortium, announced the completion of the Human 
Genome Project, with the sequence publicly available to anyone via the internet 
(www.genome.gov).  The publication contained far fewer genes (<35,000) than the 100,000 
genes predicted when the project began. This left scientists with a new challenge to decipher the 
encrypted messages locked within the genes, those expressed by the proteins, since it is the 
proteins, rather than the genes, that perform most cellular functions.  The PROTEin complement 
of the genOME, known as the Proteome, was conceived [4]. 
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1.1  Proteomics 
 
In 1997, Wilkins and Williams coined the term “proteomics,” the large-scale study of the 
proteins expressed by a specific genome [4].  A few decades ago, it was thought that one gene 
was responsible for one polypeptide [5].  It is now known that a single gene may be responsible 
for a number of proteins, and while the genome remains relatively constant, the proteome is 
dynamic and varies with time.  The proteome can therefore be defined as the summation of the 
genome, cellular environment and the cell history.  The dynamic nature of the proteome adds to 
the complexity of defining the status of every protein in a given cell.  This includes the structural 
state, abundance, activity, and post-translational modified forms.  In addition, the range of 
proteins expressed within the proteome may vary by as much as 7-12 orders of magnitude 
compared to only five orders for DNA [4, 6, 7].  Because of this, the proteomic field has been 
subdivided into four classifications: functional proteomics, expression proteomics, interaction 
proteomics and structural proteomics. 
 
Technology has become a driving force behind the global analysis of biological systems and the 
completion of the human genome project.  As with genomics, it is anticipated that the field of 
proteomics will rely on developing technologies.  Proteomics presents challenges previously not 
encountered with genomic studies, as proteins possess physicochemical properties that may 
differ vastly from one another (i.e. hydrophilic, hydrophobic, amphiphilic, highly charged, and 
membrane bound).  Moreover, the proteome may consist of millions of proteins compared to the 
35,000 or so genes identified in the human genome project. 
 
One of the greatest challenges of proteomic analysis is the reproducible separation/fractionation 
of complex protein mixtures.  The current workhorse in the large-scale study of proteins is two-
dimensional gel electrophoresis (2-D GE).  The technique used today implements the same 
fundamental separation principles as those employed in 1975 by O’Farrell [8], Klose [9] and 
Scheele [10] who were instrumental in establishing the first protein databases.  2-D GE is 
discussed further in Section 1.2.2. 
 
Although the paradigm for building protein databases remains fundamentally the same, 
technologies such as mass spectrometry (MS) have evolved to provide substantial support for 
the high-throughput identification of proteins.  Soft ionisation mass spectrometric techniques, 
namely electrospray ionisation (ESI) [11] and matrix assisted laser desorption/ionisation 
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(MALDI) [12], have been coupled with 2-D GE as the separation technique to form the most 
popular proteomic approach. 
 
Innovations in MS design and development, together with advances in automated sample 
handling equipment have led to several systems capable of analysing larger numbers of samples.  
For a high sample throughput, automation of all analysis steps is required, including the MS 
sample preparation.  Miniaturisation of analytical systems has the potential to overcome the 
bottlenecks in processing speed and the trace-level detection of proteins.  It is therefore clear 
that proteomics is a field under development and will require novel technologies to mature into 
reliable large-scale tools for the study of biological processes.  Recently, the developments of 
microfabricated systems (“lab-on-a-chip”) for the analysis of proteins have been reported [13] 
and will be discussed further in Section 1.7.2. 
 
As an introduction to the work undertaken in this project, it is useful to begin with a discussion 
of the protein separation and identification techniques currently employed in proteomic studies 
in greater depth, so as to identify the basic principles employed in these processes. 
 
1.2  Protein separation techniques 
 
In any proteomic study, the first and most important task is the extraction and separation of a 
protein mixture [14].  Chromatography and electrophoresis have proven to be two of the most 
powerful and versatile techniques available for protein and peptide separation. 
 
1.2.1  Chromatography based separation 
 
While the concept of proteomics is relatively new, the separation of proteins is not.  Innovations 
in chromatography since the term was first coined by Mikhail Tswett in 1901 [15], have seen a 
separation method develop that exploits the differences in partitioning behaviour between a 
mobile phase and a stationary phase.  This allows components in a mixture to be separated from 
one another, as described by Martin and Synge in 1941 [16].  They were the first to perform a 
partition chromatography experiment using a piece of filter paper spotted with a solution 
containing a number of different compounds.  The compounds separated as a liquid 
progressively soaked the paper and carried them different distances forward.  This technique, 
known as “paper chromatography”, was later used by Sanger in 1955 to separate the amino 
acids derived from insulin, the first protein to be sequenced. 
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Paper chromatography was later replaced with liquid-liquid partition chromatography also 
developed by Martin and Synge [16] who introduced the concept of a solid support.  Initial 
experiments used silica gel (ground with water) packed in a column with chloroform as a liquid 
mobile phase.  An amino acid mixture together with the chloroform was poured into the column, 
followed by a methyl orange stain.  The separated amino acids were then observed as red bands 
on the silica gel medium.  A different approach was adopted by Moore and Stein who hydrolysed 
proteins prior to passing them through starch granule packed columns.  The amino acids were 
separated and later visualised with the addition of ninhydrin [17].  This method evolved into one 
able to measure the quantity of individual amino acids as they eluted off the column.  Within 10 
years, starch had been replaced by ion-exchange resins.  Automation of this technique saw the 
earliest of the modern generation of amino acid auto-analysers.  Stackman, Stein and Moore [18] 
used this technique together with Edman degradation (a technique further discussed in Section 
1.3) to determine the complete chemical sequence of the enzyme ribonuclease, which is more 
than twice the size of insulin. 
 
The development of amino acid auto-analysers reduced the amount of work involved in studying 
structures of proteins.  Analysis of larger molecules, which were extremely difficult to study 
previously due to labor intensive techniques, was now a possibility.  Chromatographic strategies 
have continued to develop over the years, and these fundamental concepts now underpin the 
sophisticated technologies which facilitate the high-throughput proteomic approaches which 
will be discussed in Section 1.5.  
 
1.2.2  Electrophoresis-based separation 
 
Evolving almost simultaneously with chromatography was an electrophoresis-based approach 
for protein separation.  Electrophoresis is the process of movement of an electrically charged 
substance through solution under the influence of an electric field.  In 1930, Tiselius introduced 
a moving boundary electrophoretic method as an analytical tool for studying the electrophoresis 
of proteins, allowing the ,  and  components of serum globulin to be resolved [19]. 
 
This pioneering work was later extended by Smithies [20] who, in 1955, used paper and a 
starch-gel supported electrophoresis technique to separate a blood sample.  This study 
demonstrated improvements in spatial resolution by using a support medium.  In 1959 Ornstein 
and Davis [21] together with Raymond and Weintruab [22] introduced the concept of 
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acrylamide gel electrophoresis where a further increase in resolution was observed using a gel 
support medium.  In its most common form, the gel membrane is a neutral, hydrophilic, three-
dimensional mesh crosslinked polymer.  The size of the pores formed is governed by 
concentration and relative amounts of acrylamide and cross-linker (N,N΄-methylene-bis-
acrylamide) used to form a polyacrylamide gel.  While the gel provides a support medium, 
separation occurs via electrophoresis in the gel interstices.   
 
Gel electrophoresis separations can be either one-dimensional (1-D) or two-dimensional (2-D).  
In 1-D GE, analytes lie along a single line of migration separated from each other due to some 
property of the molecule.  2-D GE begins with 1-D GE, however analytes are then separated by a 
second property in a direction orthogonal to the first, allowing the analytes to be spread across a 
2-D surface array rather than in a single line. 
 
In 1964, the advantages of electrophoresis in flat slab gel format rather than cylindrical tubes 
were realised when Raymond [23] reported using slab-acrylamide gels in two directions 
orthogonal to one another which provided increased spatial resolution.  He coined the term 
“orthogonal gel electrophoresis” or “orthacryl”.  In the subsequent years, 2-D GE methodologies 
continued to evolve [24-26].  In 1975, three separate papers by O’Farrell [8], Klose [9] and 
Scheele [10] demonstrated that it was possible to combine isoelectric focusing (IEF) in the first 
dimension with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the 
second dimension, a technique described years earlier by Kenrick and Margolis [27].  The 
coupling of these two techniques enables the separation of complex protein mixtures according 
to isoelectric point (pI) and their relative molecular mass (Mr), allowing 2-D patterns to be 
obtained and revealing several hundred protein spots visualised by various staining techniques.  
O’Farrell later used autogradiographic detection to reveal more than a thousand spots on a 2-D 
GE plate and this technique has become the preferred method for protein separation [8]. 
 
Since these pioneering publications, 2-D GE has been adopted as a standard method in 
biochemistry and various forms of electrophoresis have been employed for the separation of 
complex protein mixtures with a steady increase in resolution. 
 
The introduction of immobilised pH gradients (IPGs) overcame some of the former limitations 
associated with carrier ampholyte (CA) with respect to reproducibility and the separation of 
very acidic and/or basic proteins.  The more recent commercialisation of ready-made IPG dry 
strips possessing pH ranges from wide to ultra narrow (e.g. IPG 3-12, IPG 4.9-5.3 respectively) 
has significantly contributed to the widespread application of 2-D GE in proteomics. 
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The standard method for protein sizing remains denaturing sodium dodecyl sulphate, (SDS).  
SDS binds to most protein molecules in aqueous solution over a wide pH range, and the amount 
of bound SDS is proportional to the size of the molecule.  SDS-PAGE provides an estimation of 
relative Mr based on comparison with reference proteins of known Mr.  Describing the 2-D GE 
approach to proteomics in depth is beyond the scope of this study and the reader is referred to a 
number of detailed reviews published over recent years [28, 29].  After separation via 
electrophoresis, the separated proteins are visualised by silver-staining, organic or fluorescent 
dyes, or autoradiography.  Once stained, bands can be excised from the membrane and directly 
sequenced in an automated protein sequencer or protein spots are electroblotted from the 2-D 
gel onto a chemically inert membrane [30, 31].  Protein electroblotting provides a direct link 
between high-resolution GE as a separation technique and sequencing technology as an 
identification technique, discussed further in Section 1.3.  Figure 1.1 depicts the steps involved 
with sample preparation and separation when adopting a 2-D GE separation approach. 
 
Although 2-D GE remains at the forefront as the method of choice for protein separation, it still 
retains many shortcomings: sample preparation steps are labor intensive, and excessive sample 
loss can be incurred during the equilibration step between the first and second dimensions.  This 
can be largely attributed to the fact that some proteins, particularly those membrane bound, are 
prone to precipitation [28].  In addition, the accuracy of SDS-PAGE in determining molecular 
weight is limited to ca. ± 10 % [32] due to variability in protein structure and partial unfolding of 
polypeptides in the presence of detergents such as SDS.  The analysis of low Mr (<15 kDa) and 
high Mr (>150 kDa) proteins is somewhat challenging, and to date there is no standard 2-D GE 
system which effectively allows separation of proteins over the entire Mr range from 5 kDa to 
500 kDa [29].  Moreover, a significant proportion of high Mr proteins tend to be hydrophobic 
and proteins of this nature are rarely separable on 2-D GE [33].  Those that have been are often 
inadequately resolved [34]. 
 
It is, however, evident that a solid support is required to facilitate protein/peptide separation.  
With the aid of a solid support both chromatographic and electrophoretic techniques have 
evolved into powerful protein separation techniques. 
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Figure 1.1 Typical sample preparation and separation steps involved in 2D-GE [reproduced from 
reference [28]. 
SAMPLE 
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laser capture microdissection 
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Strip preparation: casting 
 
Sample preparation: Desalting, filtration 
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buffer, strip loading, pre-focussing and 
focussing 
Gel preparation: casting 
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Landmarks:   
define reference landmarks, select 
corresponding spots, define 
warping equation, transform gels 
Triangulation: select reference gel, 
find best matched spots, extend 
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background filtering and subtraction  
Define co-ordinates: pass co-ordinates 
to robot gel cutter for excision 
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1.3  Protein identification techniques 
 
Once separation of the protein mixture has been achieved, the next and perhaps more 
challenging task is the identification of the separated peptides/proteins.  The development of 
protein electroblotting membranes revolutionised protein identification by providing a medium 
upon which proteins can be directly N-terminally sequenced using automated microsequencers.  
The operating principles of these microsequencers are based on the chemistry first developed 
by Edman in 1950 [35] and later refined by Edman and Begg in 1967 [36]. 
 
The original electroblotting membranes employed in the Edman chemistry based 
instrumentation were polybase-coated [30] or quaternised glass-fibre paper [31].  Both were 
later replaced when polyvinylidene difluoride (PVDF) blotting membranes were commercialised 
in the late 1980’s [37].  With the advent of PVDF membranes, Edman degradation became the 
established microsequencing approach capable of analysing proteins in the low pmol range.  
Edman degradation sequentially breaks down the protein and identifies the amino acid residues 
representing the linear sequence of the protein being analysed.  Identification of the protein 
occurs by comparing the generated protein sequence with those stored in databases.  If the 
sequence is not contained in the database, the sequence obtained is valid, as Edman degradation 
provides an absolute determination of the amino acid sequence [38]. 
 
Despite this, the process is not devoid of shortcomings.  In 1989, automated Edman degradation 
had a cycle time of nearly one hour per amino acid residue [39].  The applicability of automated 
Edman degradation is also limited to analytes containing a primary or secondary amine on the 
N-terminal of the peptide/protein, which are required to initiate the sequential release of amino 
acids.  If this site is blocked, the stepwise reaction is unable to proceed.  In addition, those 
samples containing more than one peptide with a free N-terminus are problematic due to 
overlapping results [40]. 
 
Although Edman degradation has played a vital role in generating the protein sequence database 
from 2-D gels, it is a tedious analytical technique, as every amino acid has to be sequenced 
individually, thereby limiting throughput [41].  As a result, alternative technologies began to 
surface in an effort to overcome the issues associated with Edman degradation.  Aebersold and 
co-workers proposed in situ or “on-membrane” cleavage strategies [42], while Eckerskorm and 
co-workers utilised amino acid analyses [43].  These alternative methods facilitate the 
identification of proteins which are N-terminally blocked. 
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Protein identification and amino acid sequencing capabilities have evolved further with the 
development of “soft ionisation” techniques that have made analysis of proteins amenable to 
mass spectrometry.  These techniques have allowed the efficient analysis of polar, high 
molecular mass compounds that were not previously possible by mass spectrometric analysis 
[44-46].  This has been largely due to the development of electrospray ionisation (ESI) mass 
spectrometry [47] and matrix-assisted laser desorption/ionisation (MALDI) time-of-flight (TOF) 
mass spectrometry [48].  These techniques have continued to advance with the further 
development of tandem mass spectrometry (MS/MS) techniques (discussed further in Section 
1.5), and have provided a rapid and powerful alternative to the slower and less sensitive Edman 
degradation based techniques. 
 
 
 
1.4  Mass spectrometry 
 
As the role of mass spectrometry (MS) is ever-increasing in the biological and proteomic 
research arenas, one must remind oneself that the first experiments were reported by J.J. 
Thomson in 1910 [49]. 
 
Mass spectrometers consist of an inlet for sample introduction, ion source, mass analyser and 
ion detector, facilitating the analysis of substances according to the mass-to-charge ratio (m/z) 
of the constituent atoms, groups of atoms, or molecules present.  The energy necessary for 
ionisation and evaporation of the analyte can be achieved in different ways.  Early mass 
spectrometry relied on samples that were relatively volatile or in a gaseous phase at room 
temperature, to enable the efficient generation of ions in the instrument.  Ionisation techniques 
such as electron ionisation (EI) and chemical ionisation (CI) transfer molecules/compounds into 
the gas phase by thermal vaporisation prior to ionisation.  These methods often cause 
decomposition of biomolecules below the temperature at which enough vapour pressure is 
produced for analysis by mass spectrometry.  
 
For non-volatile sample molecules other ionisation methodologies have been developed [50].  
These include, field desorption (FD), laser desorption (LD), 252Cf plasma desorption (PD), fast 
atom bombardment (FAB), liquid secondary-ion mass spectrometry (LSIMS), ESI and MALDI.  
The work described in this thesis is principally concerned with the application of MALDI, 
however an overview of those ionisation techniques that have facilitated the analysis of 
biomolecules is given here. 
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1.4.1  Pioneering ionisation techniques for mass spectrometry 
 
The development of “soft ionisation” techniques has enabled the characterisation of a diverse 
range of thermally labile compounds previously not amenable to mass spectrometric analyses.  
The fundamental process employed in MS requires molecules, normally present in the 
condensed phase, to be converted into intact, isolated, ionised molecules in the gas phase.  This 
type of conversion has been difficult to achieve for many biomolecules/polymers due to their 
polarity, lack of volatility and thermal lability.  Due to the inherent low vapor pressure that these 
compounds possess, too few ions are formed in the ionisation process to obtain a mass 
spectrum. Several strategies can be implemented to increase the vapor pressures of such 
molecules, the simplest of those being to heat the sample.  This method is however unsuitable 
for thermally labile molecules which decompose when subjected to elevated temperatures.  
Alternatively, McIver and co-workers increased the sensitivity of the mass spectrometer to 
levels capable of detecting low abundant ions, even at extremely low vapor pressures [51]. 
 
Beuhler and co-workers adopted a different approach: they demonstrated that when a solid film 
of peptide was deposited onto a non-reacting surface (Teflon), the resulting vapor pressure of 
the peptide was enhanced, facilitating vaporisation at low temperatures [52].  The use of a solid 
surface was also implemented by Beckey and co-workers who demonstrated that, in the 
presence of a strong electric field gradient, the heat of vaporisation of biological molecules 
deposited on a solid surface was reduced [53].  The term “field desorption” (FD) was coined to 
describe this technique. 
 
Beckey and Winkler [54] demonstrated the use of FD to analyse the amino acids arginine and 
cysteine, but despite the protonated molecule ion being present, the most intense peak for 
arginine corresponded to the loss of ammonia (NH3), and for cysteine the loss of formic acid 
(HCOOH).  Prior to these studies, neither the usage of the standard electron-impact nor chemical 
ionisation methods had reported molecular or protonated molecule ions of arginine and 
cysteine. 
 
Shortly after the arrival of FD as an ionisation technique, Macfarlane and Torgerson developed 
252Cf PD-MS.  This technique utilises the energetic fission fragments from the decay of 252Cf to 
volatilise and ionise a solid sample at room temperature. The source is coupled to a time-of-
flight mass analyser.  They reported the first positive and negative ion mass spectra containing 
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an intense protonated molecule ion in the vicinity of the precursor mass of the non-volatile and 
thermally unstable amino acids, arginine and cysteine [55]. 
 
A major advantage of 252Cf PD MS was its ability to ionise thermally labile compounds with only 
a small fraction of the sample being consumed in the experiment.  The resulting mass spectra 
normally showed the parent quasi-molecular ion as the most intense peak.  The sensitivity and 
quality of the mass spectra obtained from 252Cf PD is, however, governed by the surface 
morphology of the deposited sample onto the substrate (1 cm2 of Ni foil) [56].  Generally, 
samples were dissolved in an appropriate solvent prior to being deposited on the target surface.  
The solvent was then allowed to evaporate. This step, however, often produced non-uniform 
samples, resulting in a decrease in sensitivity due to partitioning leading to sample segregation 
or aggregation.  As the PD technique requires up to 100 g/cm2 of the sample to be deposited to 
adequately cover the substrate surface, MacFarlane and Torgerson employed the electrospray 
technique previously reported by Bruninx and Rudstam [57] resulting in thin, uniform 
molecular films able to provide analogous mass sensitivity with minimal sample amounts [58].  
Electrospray has consistently been used as a deposition technique and is discussed further in 
Chapter 5. 
 
252Cf PD as a mass spectrometric technique has been utilised to obtain mass spectra for an array 
of biomolecules, including gramicidin (1881 Da) in 1976 [58], -endorphin (3464 Da) in 1980 
[56] and the first mass spectrum of insulin (5730 Da), in 1982 [59].  Each of these mass spectra 
highlighted the expanding mass range capabilities obtainable using 252Cf PD MS.  While 252Cf PD 
MS was becoming an established technique for the analysis of biopolymers, other particle 
desorption techniques were evolving with shorter acquisition times, as 1-3 hours is often 
required for a single spectrum to be obtained using 252Cf PD MS [60]. 
 
In 1981, Barber and co-workers [61] introduced fast atom bombardment (FAB).  This technique 
used a neutral beam of atoms to bombard a solid surface with energetic particles, inducing the 
emission of secondary particles.  These secondary particles include molecular ions which retain 
their chemical structure during the emission process.  Ions are then detected by either a time-of-
flight or magnetic sector mass analyser due to the use of a pulsed ion source.  Although FAB was 
effective in ionising intact molecular ions it was not widely used until Barber and co-workers 
[61] demonstrated a gain in sensitivity of two orders of magnitude when the sample is dissolved 
in a non-volatile liquid matrix.  The use of a liquid matrix (traditionally glycerol) allows surface 
replenishment to occur between pulses [62-64] and provides a long-term source of intact 
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molecules.  This technique was appropriately termed Liquid Secondary Ion Mass Spectrometry 
(LSIMS) and has been applied to the analysis of a broad range of proteins/peptides, 
oligosaccharides and other biomolecules [65, 66]. 
 
Following the introduction of commercial mass spectrometers equipped with 252Cf PD [58] and  
LSIMS [67] ionisation sources, the analyses of peptide and proteins with molecular masses up to 
10,000-20,000 Da became routine.  With the use of chemical and enzymatic degradation of 
peptides, MS made it possible to determine peptide sequences with performance that rivalled 
the speed, accuracy, and sensitivity of conventional sequencing techniques (Edman 
degradation).  With the advent of ESI and MALDI in the late 1980’s, the mass range of 
compounds amenable to MS studies has been extended from a few thousand Daltons to above 
several hundred kiloDaltons [11]. 
 
 
1.4.2  Electrospray ionisation mass spectrometry  
 
Electrospray ionisation was developed as a result of pioneering work on electrohydrodynamic 
ionisation by Dole and co-workers [68] in the 1960’s.  This was subsequently extended by 
Yamashita and Fenn resulting in the development of ESI-MS [11, 69, 70].  By routinely creating 
multiply charged ions, this technique revolutionised the applicability of conventional mass 
analysers, extending it from a limited mass-to-charge range, to a platform amenable to amino 
acid sequencing of proteins and other biochemical investigations.  For this work, John B Fenn 
was awarded the Nobel Prize for Chemistry in 2002 with two other recipients, Koichi Tanaka 
and Kurt Wuthrich.  Fenn and Tanaka were honoured “for their development of soft desorption 
ionisation methods for mass spectrometric analyses of biological macromolecules,” or as Fenn 
candidly stated, “we learned how to make elephants fly” [71]. 
 
The characteristic feature that distinguishes ESI from other ionisation techniques is its ability to 
produce ions directly from solution with the transfer of almost no excess energy.  This results in 
essentially no fragmentation, due to the inherently ‘gentle’ nature of the ionisation process 
producing intact ions from even the most labile of molecules.  ESI is also able to readily impart 
multiple charges to large analyte molecules; this multiple-charging phenomenon allows the 
analysis of high mass ions by mass analysers which possess a relatively modest m/z range. 
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A number of reviews have been published describing the electrospray ionisation process [72, 
73], and only a brief overview of the ionisation process will be presented here.  The sample 
solution is introduced into a capillary (metal or glass), to which a high voltage is applied.  In the 
positive ion mode, positive ions are driven to the surface of the liquid at the capillary tip while 
negative ions are drawn towards the inside of the capillary.  The repulsive forces between the 
positive charges at the surface of the liquid overcome the surface tension of the liquid and cause 
the liquid to break into a fine spray of droplets.  As solvent evaporates from the droplets, charge 
density at the surface of the droplets increases.  When coulombic repulsive forces at the droplet 
surface are greater than the surface tension that holds the droplet together (a critical point 
known as the Rayleigh limit), fission of the droplet occurs and smaller droplets are formed.  
 
Two different mechanisms have been proposed to account for the formation of gas-phase ions 
from the charged droplets.  Dole and co-workers [68] were the first to investigate the production 
of gas-phase ions in ESI in the early 1960’s.  Since then, Rollgen and co-workers [74] extended 
and supported the initial work by Dole.  The mechanism they proposed will be referred to as the 
Charge Residue Model and leads to the notion of coulombic explosions.  The initial work by Dole 
made no reference to how droplets could be formed [68] and whether the mechanism of 
formation favoured a particular type of ion.  The second mechanism proposed was that by 
Iribarne and Thomson, who postulated a mechanism involving ion evaporation (emission) from 
small and highly charged droplets [75], otherwise referred to as the Ion Evaporation Model.  
Both mechanisms lead to the formation of naked sample ions suitable for analysis in the MS.  
 
Earlier ionisation methods, such as PD and FAB/LSIMS techniques, relied upon high-energy 
collision cascades to transfer ions into the gas phase.  During ESI-MS, however, the transfer of 
ions from solution into the gas phase is inherently “soft”, and well-suited for the accurate 
determination of molecular weights, as low energy transfer causes minimal fragmentation.  The 
ESI source can be interfaced with triple quadrupole, iontrap, quadrupole TOF, TOF-TOF, or 
fourier transform (FT) mass analysers to obtain mass and sequence data.  
 
ESI-MS provides sub-picomole limits of detection and mass range capabilities in excess of 100 
kDa, facilitating the routine analysis of bio-macromolecules, although peptides and proteins 
analysed by ESI-MS are typically detected at higher charge states (m/z with z = 1-4 for peptides 
and z = 5-100 for proteins and complexes).  To determine the actual mass of the peptide or 
protein molecule, the spectrum has to be deconvoluted (z = 1) [76], providing an accurate 
molecular mass determination of 0.05-0.1% accuracy compared with 5-10% obtained when 
using 2-D PAGE coupled to Edman degradation [46]. 
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1.4.3 Matrix assisted laser desorption/ionisation time-of-flight mass 
spectrometry 
 
MALDI, another “soft ionisation” technique, was evolving simultaneously with ESI-MS, and was 
also capable of producing mass spectra from thermally labile compounds and further extending 
the mass range capabilities of mass spectrometry.  The evolution of MALDI was based on the 
fundamental principles previously reported by Bingham and Slating in 1976 [77], who 
postulated the use of lasers as an analytical source in mass spectrometry for the examination of 
solid materials.  In the years to follow, laser desorption (LD) mass spectrometry evolved 
illustrating the advantages in ionising polar, non-volatile organic molecules from a thin layer of 
sample coated on a metal surface.  This resulted in the formation of intact protonated molecule 
ions [78-80]. 
 
In 1985, Karas, Bachmann and Hillenkamp reported the use of tryptophan and later, nicotinic 
acid, as matrix compounds, facilitating the laser desorption of non-volatile amino acids and 
peptides at low laser fluences, and coined this technique “matrix assisted” [12].  Tanaka and co-
workers [81] in 1988 reported laser desorption of protein molecules up to a mass of 100,000 Da 
when they dissolved the analytes in a “suspension matrix” of cobalt nano-particles in glycerol.  It 
was for this work Koichi Tanaka was awarded the joint Noble Prize in Chemistry in 2002 (as 
previously mentioned in Section 1.4.2).  Although Tanaka and co-workers were the first to use 
the 337 nm (nitrogen laser), it was several years before this laser was adopted as the standard 
laser replacing the preferred Nd:YAG lasers (operating at either 266 nm or 355 nm) used 
initially in many laboratories [82, 83].  Using UV laser desorption, Hillenkamp and Karas were 
able to analyse bio-organic compounds of up to 10,000 Da [48].  Their approach has since been 
adopted as a standard method for biomolecular analysis and has been given the acronym 
MALDI. 
 
1.4.3.1  Sample preparation for MALDI analyses  
 
MALDI ionisation is a complex process, involving optical and mechanical phenomena as well as 
thermodynamic and physicochemical processes of phase transfer and ionisation.  The success of 
a MALDI analysis relies on several crucial steps: sample preparation, excitation of the sample 
into the condensed phase, generation and separation of charges and ionisation of analyte 
molecules and then the event of extraction and separation according to the mass-to-charge ratio 
of the ions in the mass spectrometer [84]. 
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The term “matrix” has been previously mentioned in Section 1.4.3.  Matrix molecules are 
generally aromatic acid or carbonyl compounds, and the most common matrices, -cyano-4-
hydroxycinnamic acid (HCCA), sinapinic acid (SA) and dihydrobenzoic acid (DHB) are shown in 
Figure 1.2.  Matrix compounds are selected on the basis of a high absorbing coefficient for the UV 
laser light and their ability to rapidly convert the absorbed UV laser energy into heat via 
intramolecular vibronic energy transfer [85, 86]. 
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Figure 1.2 Frequently used crystalline matrices; HCCA, SA and DHB (from left to right) 
 
MALDI efficiency has been found to be governed by the ability of the matrix to co-crystallise with 
the sample and several liquid-phase protocols exist, amongst the most common are dried 
droplet [48], fast solvent evaporations (two-layered) [87] and sandwich [88].  The conventional 
sample preparation protocol for MALDI, where the matrix and the sample are mixed prior to 
deposition onto the target surface, was introduced by Karas and Hillenkamp and is known as the 
dried-droplet method [48].  Later, with the advent of fast solvent evaporation methods, the 
matrix was mixed with volatile solvents such as acetone or acetonitrile [89] and deposited on 
the surface with the sample either as a sandwiched or a two-layered technique. 
 
All of these methods involve pipetting or spotting the sample and matrix solutions onto the 
MALDI target followed by air-drying.  Lateral spreading of the matrix-sample over the target can 
lower the local analyte concentration through sample segregation, thereby reducing MALDI 
sensitivity [88] as in the case of the dried droplet method where “sweet spots” are often formed.  
“Sweet spots,” by definition, occur where the sample concentration is optimised; however, they 
generally occur in localised areas and often require laborious manual inspection of each sample.  
The formation of “sweet spots” leads to poor shot-to-shot performances and requires numerous 
spectra to be acquired for optimal results [90].  As a result, MALDI spectra are often averages of 
10 to 100’s of laser shots. 
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A number of methods and approaches for the improvement of sample homogeneity of MALDI 
samples have been adopted.  The use of fast evaporation of solvent generally results in the 
formation of homogenous microcrystalline “films” often overcoming sample segregation.  An 
alternative method for producing uniform microcrystalline films for MALDI analyses was 
described by Derrick and co-workers who reported matrix deposition via an off-line 
electrospray system [91].  Hensel, King and Owens have also reported the use of electrospray 
sample preparation techniques and observed improved homogeneity of sample on the target 
surface, enabling improved quantitative analysis [88]. 
 
Liquid matrices have also been examined to improve sample homogeneity for MALDI analysis, as 
liquid matrices generally do not exhibit “sweet spots” leading to increased spot-to-spot and shot-
to-shot reproducibility.  Liquid matrix systems fall into two major groups.  The first are 
compounds, such as nitrobenzyl alcohol, that can absorb UV light leading to the 
desorption/ionisation of the analyte [92, 93].  The second are particle-doped matrices; these are 
fine metal particles suspended in a non-volatile solvent that has a low absorption cross-section 
at typical MALDI wavelengths (e.g. 337 nm) but play an active role in the protonation or 
deprotonation of the analyte.  This method was first described by Tanaka in 1988 where cobalt 
particles (300 Å) in glycerol were used to obtain a spectrum of a protein as large as 25,717 Da 
[94].  This concept of particle-doped matrices has more recently been described using a 
graphite-glycerol matrix [95, 96].  The use of graphite offers some inherent advantages over the 
former metal based approaches and will be discussed further in Chapter 3. 
 
Another approach is to tailor the surface of the sample plate so that it is capable of transferring 
enough energy to the analyte to desorb/ionise the sample.  This method has been termed laser 
desorption/ionisation (LDI) mass spectrometry.  Siuzdak and co-workers in 1999 introduced 
the concept of desorption ionisation on porous silicon (DIOS), the first truly matrix free LDI 
mass spectrometric technique [97].  The porous silicon targets are prepared by etching silicon 
wafers to produce a porous substrate with a nanostructured surface.  The analyte is placed on 
the sample plate of porous silicon and can be directly desorbed from the surface.  The matrix-
free LDI technique offers some inherent advantages.  In particular, sample preparation is 
simplified as the analyte does not need to be mixed with the matrix to produce an adequate 
signal for analysis.  This also overcomes one of the major drawbacks of MALDI, as it is difficult to 
analyse low molecular weight compounds (<500 Da) because the matrix interferes in this mass 
range [98].  Although there has been considerable interest in developing laser desorption 
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ionisation (LDI) techniques for the analysis of small molecules in recent years, these methods 
are still not widely employed. 
 
The surface on which the matrix-sample is deposited on also plays a crucial role in the co-
crystallisation process, as surface properties of the matrix/solvent/surface system influences 
the matrix morphology. Stainless steel has become the preferred surface medium for 
commercial MALDI targets which are often fabricated with defined hatching to provide 
nucleation sites for crystallisation.  More recently, a new class of MALDI sample supports 
(AnchorChip, Bruker Daltonics, Germany) have been developed [34].  These supports provide a 
pre-structured surface consisting of an array of small hydrophilic anchors (200 – 800 µm in 
diameter) surrounded by a thin layer of Teflon-related material that is strongly solvent-
repellent.  This surrounding surface constrains the lateral spreading of the sample during 
deposition and matrix co-crystallisation.  These targets are further discussed in Section 1.7.2. 
 
 
Several alternative substrates have been introduced over recent years to add additional 
functions on the MALDI target plate.  Target plates covered with a thin film 
matrix/nitrocellulose [99], Teflon [100], Nylon [101], polypropylene/polyethylene [102], 
carbon-filled polyethylene [103], C8/18 (chromatography media) [102], and octadecanethiol (C18) 
[104] supports.  Many of these surfaces can also be used as a hydrophobic solid-phase extraction 
medium to isolate and desalt biopolymers directly on the probe surface [105].  Any substrate 
applied to the target support must provide the precise spatial electrical potential necessary for 
TOF analysis. 
 
The sample morphology is governed by the sample preparation protocol, solvent, matrix, and 
the surface on which they are distributed.  These factors combined can result in considerable 
variations in sample morphologies.  Although the film’s morphology is important, the intimate 
mixing of the analyte and the matrix is also crucial.  The optimal molar ratios have been reported 
to lie within the 1:1000 to 1:10,000 (analyte-to-matrix) range [106].  This ensures that the 
matrix preferentially absorbs energy from the pulsed laser beam, protecting the analyte by 
transferring kinetic energy to it in a way that allows the desorption/ionisation to occur without 
significant fragmentation. 
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1.4.3.2  The ionisation process 
 
In MALDI, the desorption process is rapid.  Photons from the laser are preferentially absorbed 
by the chromophoric matrix molecules resulting in the rapid release of matrix and analyte ions 
from a small area of the sample target.  Ionisation generally occurs by proton transfer between 
excited matrix molecules and analyte molecules, and by collisions in the expanding micro-
plasma in the gas plume [107].  Both positive and negative ions are released in this process and 
the charge of the ions detected depends on the polarity of the extraction field.  The 
desorption/ionisation process can be manipulated to increase the ion yields of the analyte and 
thereby controlling fragmentation induced by the process. 
 
Earlier studies using lasers have established that efficient and controllable energy transfer to the 
sample requires resonant absorption by the matrix at the laser wavelength, and that in order to 
avoid thermal decomposition of thermally labile molecules, the energy must be transferred 
within a very short time period.  As noted earlier Nd:YAG ( = 266 nm) lasers were initially used, 
however nitrogen lasers ( = 337 nm) are more commonly used today, with pulse durations 
ranging from 0.5 to 10 ns.  The pulse duration and laser fluence (energy pulse per unit area) 
have been found to influence the amount of material desorbed/ablated per laser pulse.  As less 
than 1% of the deposited sample is represented in each measured spectrum for an 
approximated laser spot diameter of 200 m [93], numerous spectra would typically be 
acquired to ensure the quality (sensitivity, mass resolution and intensity) of the obtained mass 
spectrum is representative of the sample. 
 
The desorption/ionisation phenomenon is still a topic of debate and several models have been 
postulated. Zhou and co-workers [108] suggest that the matrix-analyte reactions occur in the 
expanding plume of desorbed particles, where excited-state proton transfer takes place between 
electronically excited matrix molecules and neutral analyte molecules.  This concept is 
supported by Gimon [109], Hillenkamp [110], Kinsel [111], Ehring and Sundqvist [112] who 
have suggested that ion-molecular reactions may occur between analyte molecules and matrix 
ions.  More recently Knochenmuss and co-workers have postulated that the ion formation 
mechanism is a “two-step framework” with extensive secondary reactions occurring in the 
dense plume [113].  Whatever the process or processes may be, they are extremely effective in 
facilitating the rapid solid-to-gas phase transition and the plume expansion into the vacuum, 
where the volatilisation analyte [M+H]+ ions are detected by a mass analyser.  Since the ions 
arise from the pulsed plume in the ionisation source the time-of-flight mass analyser is the 
detection system of choice. 
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1.4.3.3  Time-of-flight mass analyser  
 
Although the principle of TOF mass spectrometry was introduced as early as 1932 by Smythe 
and Mattauch [114], the effective use of time-of-flight as a mass analyser for the analysis of 
biomolecules was only demonstrated in 1976 by Macfarlane and Torgerson [58] (previously 
discussed in Section 1.4.1).  The fundamental concepts of the TOF mass spectrometer involve 
measuring the time it takes for an ion to travel from the ion source region to the detector.  This 
process requires the production of a `packet’ of ions in a defined region at the ion source and 
then, through a series of synchronised events, accelerating them toward a detector typically 
located 1-2 meters from the source where their time of arrival is recorded. 
 
The wide spread use of TOF as a mass analyser transpired as electronics and high-speed signal 
and data processing capabilities improved.  The union of MALDI with TOF mass analysers was a 
natural progression, offering theoretically unlimited mass range, complete mass spectra for each 
ionisation pulse, high transmission and the ability to obtain spectra using extremely small 
sample amounts (10-18 mols).  The resolving power of TOF instruments is governed by the 
accelerating potential, the spatial orientation and velocity of the initial ion packet and the length 
of the flight tube. 
 
In the linear TOF analyser, ions of different masses are quasi-instantaneously accelerated by 
means of a constant homogeneous electrostatic field where fixed kinetic energy is imparted to 
the ions.  They subsequently drift through a field-free path where ions are separated in space 
according to their velocity, first described by Wiley and McLaren [115].  As ions of different mass 
will possess different velocities and therefore different travel times, at the end of the drift path, 
ions of increasing masses arrive at the detector sequentially within some tens to hundreds of 
micro-seconds.  The mass of individual ions can be calculated as the arrival time of an individual 
ion is approximately proportional to the square root of the ratio of mass-to-charge of that ion, 
(mi/zi)1/2, providing the protonated molecule ion with moderate mass resolution.  The resolving 
power of MALDI using linear TOF can be moderately low, due to peak broadening occurring as 
ions with the same m/z but different kinetic energy reach the detector at slightly different times.  
In an attempt to overcome this, a technique known as delayed pulsed extraction was introduced. 
 
Delayed extraction is based on the time lag energy focusing method described by Wiley and 
McLaren in 1955 [115] whereby a time lag or delay (of several hundred nanoseconds) is 
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introduced between ion formation and extraction.  When delayed extraction is employed, ions 
separate according to their initial velocities (kinetic energy) in the field-free region.  Ions with 
the same m/z but more kinetic energy move further towards the detector than the initially less 
energetic ions, as a reversed basis field is applied to reduce the ions initial velocities.  The 
extraction pulse is then applied after a predetermined delay, where additional energy is 
transmitted to the ions that remain in the source for longer.  Those ions that were initially less 
energetic receive more kinetic energy and rejoin the initially more energetic ions at the detector 
[116].  Delayed pulsed extraction corrects the energy dispersion of the ions leaving the source 
with the same m/z ratio therefore minimising fragmentation and initial velocity effects, and 
improves the observed resolution and mass accuracy of the obtained spectrum.  This technique 
is particularly useful when analysing complex protein mixtures and will be discussed in detail in 
Section 1.6.1. 
 
Another way to improve mass resolution of MALDI-TOF spectra is to use an electrostatic 
reflectron.  The reflectron consists of a decelerating and reflecting field.  This arrangement was 
first proposed by Mamyrin and co-workers [117] in 1966 to correct the temporal spread of ions 
due to their initial velocity spread.  For example, for ions possessing the same m/z ratio entering 
such a field, those with higher kinetic energy (velocity) will penetrate the decelerating field 
further than ions with lower kinetic energy.  The reflectron is essentially an energy focussing 
method employing an electrostatic ion mirror placed in the flight path of the ions.  If the mirror 
electrode voltages are arranged suitably, the peak width contribution from the initial velocity 
distribution can be largely corrected at the plane of the detector, leading to an increase in mass 
resolution for all stable ions in the mass spectrum. 
 
Reflectron mode offers advantages with respect to accuracy and precision with the presence of 
isotope peaks resulting in the appearance of peaks “1,2,3,4...” mass units higher than the 
‘monoisotopic’ peak containing the most abundant isotopes of the elements forming the 
compound.  This advantage, however, is lost when the mass range exceeds 20 kDa due to the 
inherent nature of the ion formation process in MALDI [106, 118].  As the number of atoms 
present in the molecule increases so does the number of isotope peaks and overlap begins to 
occur.  This results in an upper limit of accurate mass detection. 
 
With reflectron time-of-flight mass spectrometers, it is, in theory, possible to obtain structural 
information of selected a protonated molecule ion by mass analysis of product ions issued from 
in-flight fragmentation of the precursor ion.  Intact molecular ions leaving the ion source and 
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having acquired sufficient internal energy, the desorption process can release this energy by 
undergoing fragmentation while travelling the first field-free drift path of the instrument called 
post-source decay (PSD).  With typical reflectors (two stage, gridded/grid-less), it is necessary to 
progressively decrease the potential(s) applied to the reflector to acquire a complete product-
ion spectrum, this concept is further discussed in Section1.6.1. 
 
To summarise, MALDI-TOF mass spectrometry has expanded the detection limits of molecular 
weight determination to more than 300 kDa [67] due to the inherently gentle nature of the 
ionisation process.  Predominantly singly charged [M+H]+ ions are produced, and only a small 
fraction of the doubly charged [M+2H]2+ ions or greater are detected.  While TOF mass analysers 
provide theoretically unlimited mass range capabilities, their ability to analyse low molecular 
weight compounds (< 500 Da) is somewhat problematic due to the intense signals produced by 
the matrix.  The interference of matrix with respect to resolution has been minimised with the 
introduction of delayed extraction. 
 
MALDI-TOF mass spectrometry has evolved into a fast, robust technique with mass accuracy in 
the low ppm range, and sensitivity capabilities in the low femtomol to attomole range.  As the 
technique is reasonably tolerant to the presence of salts, buffers and other additives, it is the 
most commonly used technique to perform peptide mass fingerprinting (PMF) [119].  Peptide 
fragments can be generated directly using MALDI and MALDI-PSD-MS and will be discussed in 
Section 1.6.1.  Several new instruments have been recently commercialised, including MALDI-
ion traps, MALDI-Q-TOF MS and MALDI-TOF/TOF, however they will not be discussed in depth, 
as this thesis primarily focuses on MALDI and MALDI-PSD-MS techniques. 
 
1.5  Tandem mass spectrometry  
 
The advent of these new ionisation techniques has extended the accessible mass range for the 
detection of biopolymers.  They have, however, also increased the performance demands on the 
mass analysers.  In general, these include efficient detection of ions over a wide mass range, 
accurate mass measurement and high mass resolution [120].  There are four fundamental 
techniques that can be utilised to achieve mass separation: fourier transform ion cyclotron 
resonance (FTICR), separation on the basis of time-of-flight (TOF), separation by dynamic 
electric fields or separation by selective ejection of ions from a three-dimensional trapping field 
(Q).  For structural analysis, such as peptide sequencing, it is useful to perform two or more 
steps of mass analysis in tandem (tandem mass spectrometry or MS/MS).  This can be achieved 
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by combining two different MS separation principles [121].  Tandem and hybrid instruments 
include FTMS, TOF-TOF, quadrupole-TOF, ion trap-TOF, quadrupole-ion trap, triple-quadrupole 
and orbitrap can be coupled to a variety of ion sources.  Modern instruments afford endless 
possibilities not even considered when the technique of mass spectrometry was first conceived. 
 
TOF analysers are usually coupled with MALDI ionisation for the intact mass measurement of 
peptides as discussed in Section 1.4.3.3.  More recently, MALDI ion sources have been coupled 
with two TOF instruments (MALDI-TOF/TOF) [122] and to a quadrupole ion-trap mass 
spectrometer (MALDI-Q-IT) [123].  In MALDI-TOF/TOF, a collision cell is positioned in-between 
the first and second TOF mass analyser.  Ions of a particular m/z are selected in the first TOF 
analyser where they are subsequently fragmented in the collision cell and then fragmented ions 
are detected by the second TOF mass analyser. 
 
ESI sources are more often coupled to ion trap and triple quadrupole instruments and are used 
to generate fragment ion spectra, otherwise known as collision-induced dissociation (CID) 
spectra, from a selected precursor ion [124].  In a triple quadrupole instrument, the selection of 
the ion of interest occurs in the first mass analyser (Q1), this ion is then fragmented in the 
collision cell (Q2) and then the second mass analyser (Q3) is used to separate the fragment ions 
on the basis of their m/z values.  The spectrum generated contains “daughter” ions, which in 
turn provides peptide sequence information when compared to protein sequence databases 
(discussed further in Section 1.6.2) leading to protein identification. 
 
A recent expansion of tandem mass spectrometers as a tool for protein identification has 
occurred, as sensitivity, mass accuracy and resolution capabilities have improved.  Additionally, 
ESI and MALDI ionisation sources can be used interchangeably with several Q-TOF instruments, 
reducing the number of instruments required in a proteomic laboratory while maintaining the 
ability to obtain comprehensive protein structural information [124]. 
 
1.6  Sequence analysis by mass spectrometry 
 
Sequencing peptides by mass spectrometry has several advantages compared to classical 
sequencing methods like Edman degradation [125].  Mass spectrometers possess the ability to 
perform sequencing analysis from a peptide within a mixture because it can be mass selected by 
the instrument.  For gel based proteomics, two strategies have evolved for protein identification 
by mass spectrometry.  The first is peptide mass fingerprinting, the other is sequence 
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information obtained by tandem mass spectrometry of the whole protein.  More recently these 
sequencing strategies have been coined “bottom-up” and “top-down” proteomics approaches, 
respectively, and they offer several advantages over the previously used Edman degradation 
technique with respect to sensitivity, throughput and sequence identification. 
 
1.6.1  Bottom-up proteomics 
 
In bottom-up proteomics, proteins are subjected to proteolytic chemical agents or enzymes 
(such as trypsin and pepsin).  These enzymes specifically cleave the polypeptide backbone 
resulting in a set of proteins, typically 8-10 amino acids in length [119].  When analysed by mass 
spectrometric techniques a “peptide map,” otherwise termed a “peptide mass fingerprint” (PMF) 
is generated that ideally covers the entire sequence of the proteins [46].  There are two 
commonly employed MALDI-TOF strategies for bottom-up protein identification; PMF and PSD 
analysis of the digested proteins.  These techniques are complimentary to one another and 
enable the amino acid composition of the peptides to be determined. 
 
The concept of PMF was described in 1989 by Henzel, Stults, and Watanabe [126], using FAB-MS.  
The PMF provided the molecular masses of the peptides from digested proteins, which were 
then compared to known peptide masses using the FRAGFIT computer program.  With the 
advent of soft ionisation techniques, the concept of PMF continued to evolve and was 
independently reported by several research groups in 1993 [46, 127, 128].  They all described 
the same fundamental approach, whereby the direct MALDI-MS analysis of peptides resulting 
from a digestion yields a unique mass map, called a PMF.  From the PMF, a peak list of the 
measured mass spectra is generated; a protein sequence database can be automatically searched 
using a series of selection criteria.  The algorithm from the database matches and measures the 
theoretical peak list with the “best matching” protein candidates, often providing additional 
sequence information.  Some of the most frequently used database for PMF are Mascot [129], 
MS-Fit [130] and Profound [131], all accessible through the World Wide Web. 
 
Complementary sequence information regarding post-translational or chemical modification of 
amino acid residues can be obtained using MALDI-PSD experiments [132, 133].  The concept of 
MALDI-PSD was introduced by Della-Negra and Le Beyac [134].  They were the first to 
demonstrate that the reflectron of a TOF-MS could be used to mass analyse metastable ions that 
formed in the field-free region of the instrument.  Tang and co-workers later demonstrated that 
the mass resolution of the metastable product ions could be improved by acquiring the spectra 
in segments, allowing the reflectron voltage to be stepped down segmentally [135].  Spengler 
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and co-workers adopted this approach for peptide sequencing and the technique was coined 
“post-source decay” (PSD)[136, 137]. 
 
Generally a PSD spectrum is recorded from a single charged peptide molecule and mass signals 
from N-terminal fragment ions (a-, b-, c-, and d-type ions) [132], C-terminal fragment ions (x-, y-, 
and z-type ions) [138] and internal (double chain cleavage) fragment ions (AY-, BY-, and CY-type 
ions) [125].  Interpretation of fragment ion spectra is relatively complex and to decode a PSD 
spectrum a set of interpretation rules need to be established.  Such rules or search parameters 
may include the digestion enzyme used (allowing identification of amino acid N or C terminus), 
search by –b, -y correspondences (allowing orientation of the sequence) and/or search for 
characteristic internal fragment ions (e.g. proline).  Using these search parameters, databases 
such as Mascot, MS-Fit and Profound (previously mentioned) can result in partial or full 
sequence identification.  Bottom-up sequencing strategies have become the dominant 
experiment in proteomic studies to date and a schematic of a typical bottom-up approach is 
shown in Figure 1.3. 
 
1.6.2  Top-down proteomics  
 
In top-down proteomics, an intact protein is subjected to a high-resolution tandem mass 
spectrometric analysis (previously described in Section 1.5), providing a molecular weight value 
of the intact protein (rather than measuring peptides produced by proteolysis) and the masses 
arising from subsequent fragmentation of protein ions in the gas phase (Figure 1.3).  The 
fragment ions generated from direct MS/MS enable protein identification by database retrieval 
[139]. 
 
While top-down proteomics is able to provide information on the protein abundance, it also 
allows access to the complete protein sequence and has the potential to locate and characterise 
post-translational modifications.  The widespread application of this technique has, however, 
been hindered due to ambiguity in the interpretation of spectra due to multiple charging of the 
parent ion [140].  This can vary in charge state up to that of the multiple charged protein 
precursor.  Two approaches have been used to circumvent this limitation.  The first is charge-
state manipulation through gas phase ion-ion interactions [141], and the second is the use of 
instruments with high mass measurement accuracy (MMA).  Improvements in MS hardware will 
see growth in the top-down approach to proteomics.  The top-down approach usually results in 
sequence coverage of 100% compared to bottom-up approaches where sequence coverage can 
range from 5-70%, depending on the sample being analysed [142]. 
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Figure 1.3  Schematic of the top-down and bottom-up approaches in proteomics.  
 
It should also be noted that combinations of top-down and bottom-up strategies have been 
reported where inline multidimensional liquid chromatography (MDLC), on-line ESI-TOF MS 
protein analysis and off-line MALDI-Q-TOF MS peptide analysis are combined [143].  With the 
current growth in proteomics, it is anticipated that sequencing strategies will continue to evolve 
over the coming years.  As sequencing strategies evolve, so will the field of bioinformatics and 
the capabilities of current protein databases. 
 
1.6.3  Bioinformatics  
 
The use of bioinformatics is essential for analysing the massive amounts of data generated from 
both genomics and proteomics [76].  Mass spectrometry has become one of the leading 
technologies used for proteomic studies, and this field heavily relies on bioinformatic tools to 
analyse and process the acquired data.  As mass spectrometric analyses gives molecular and 
fragment masses, a characteristic relationship is therefore needed to establish the link between 
mass and known structures in peptides and proteins.  Recent years have seen tremendous 
growth in proteomics-related bioinformatics and new software packages and algorithms are 
continuously being developed to improve protein identification and characterisation with 
respect to throughput and statistical accuracy. 
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1.7  Microfabricated devices for mass spectrometry  
 
Mass spectrometry has certainly revolutionised the identification of biomolecules over the years 
by providing platforms which are amenable to automation and which have the potential to 
interface with microarray and lab-on-a-chip devices.  These devices fall under the banner of 
microfabricated devices and have the potential to minimise sample and reagent consumption 
thereby reducing costs.  It is anticipated that used of microfabricated devices will enable high-
throughput analyses without compromising sensitivity [144]. 
 
Microfabricated devices generally fall into two different categories.  The first are ‘array based 
devices’ [145].  They possess microscopic arrays of immobilised chemical or biochemical 
material for the selective retainment of a narrow class of proteins/peptides.  The second are 
enclosed microfluidic systems, termed “lab-on-a-chip” [146], offering the potential for sample 
introduction, separation and detection when interfaced with a mass spectrometer.  Both types of 
devices have been adopted for proteomic research.  Sections 1.7.1 and 1.7.2 outline a selection of 
array-based and “lab-on-a-chip” technologies compatible with mass spectrometers. 
 
1.7.1  Protein microarrays 
 
Genomic studies have already been immeasurably altered by the introduction of microarray 
technology over the past ten years [147].  Microarray systems are based upon an array of spots 
(either chemical or biochemical material), immobilised on a solid support in the micron or tens 
of microns scale.  Samples are generally deposited on the pots using a contact spotter [148] 
although more recently non-contact micro-arrays have been reported [149]. 
 
Proteomics presents challenges previously not encountered in genomics, as proteins possess 
physicochemical properties (hydrophilic, hydrophobic, amphiphilic, highly charged, and/or non-
charged) that are vastly different from one another.  Moreover there are several million proteins 
compared to the 35,000 or so genes.  Surface-engineering strategies are therefore necessary for 
protein microarrays (otherwise known as “protein-chips”) to enable screening and quantitative 
evaluation of ligand activity on solid support [150].  Three protein microarray strategies have 
been reported to study biochemical activities of proteins: analytical microarrays, functional 
microarrays, and reverse phase microarrays [151]. 
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As protein microarray technologies have evolved, the scope of their applications has expanded 
and platforms capable of detecting post-translational modification, disease-specific markers, 
functional assays for enzymes and other proteins have all been reported.  In the diagnostic 
arena, protein microarrays have been reported enabling the probing of protein-protein 
interactions, target discovery using small molecule arrays, and biomarker validation using tissue 
microarrays [151]. 
 
Hutchens and Yip in 1993 [152] described two new desorption strategies for mass spectrometry 
based on the molecular design and construction of two general classes of sample “probe” 
surfaces incorporating basic microarray principles.  The first was coined “surface-enhanced neat 
desorption” (SEND) and was designed to enhance desorption of intact macromolecules on the 
surface.  The probe surface has a number of predetermined spots bound with energy-absorbing 
(matrix) molecules onto which the samples are deposited on for subsequent mass spectrometric 
analysis.  In the second, “surface enhanced affinity capture” (SEAC), a probe surface was 
designed to enhance desorption of specific macromolecules captured directly from 
unfractionated biological fluids and extracts. 
 
It was this latter technique that formed the basis for “surface enhanced laser 
desorption/ionisation” (SELDI) MS, providing an array platform for the identification and 
quantification of proteins.  This technique was later commercialised by Ciphergen Biosystems, 
Inc. in their ProteinChip technology [153].  This array technology relies on the selective 
retainment proteins (or classes thereof) based on different affinities to a range of biochemical 
and chemical surfaces as shown in Figure 1.4 together with the parallel arrangement of the 
ProteinChips.  Fractionation is performed using successive gradient washes of the ProteinChip 
prior to TOF mass spectrometric analysis. 
 
SELDI-TOF MS protein array technology has been used to identify up-or-down-regulated 
proteins (of diseased patients relative to control patients), allowing disease biomarkers to be 
established for breast and ovarian cancer [154, 155], central nervous system disorders 
(Alzheimer’s) [156], cardiovascular and infectious diseases [157, 158]. 
 
There are a growing number of reports where microarrays have been used to probe the 
presence of proteins and/or their functions.  Nevertheless stability, quantitation, sensitivity and 
detection remain areas of development.  It is, however, anticipated that as protein microarray 
technologies mature, they will offer a great deal of potential in the field of proteomics where 
high throughput continues to be the focus. 
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Figure 1.4 Ciphergen Biosystems ProteinChip technology: a range of chemical and biochemical 
surface properties (left) and the parallel arrangement of ProteinChip technology (right) [reproduced from 
reference 145]. 
 
 
1.7.2  Microfluidic devices: “lab-on-a-chip” 
 
“Lab-on-a-chip” technologies are also in their infancy in proteomics.  The effective coupling of 
these with identification techniques is critical and has seen a trend towards the development of 
miniaturised systems capable of integration with ESI and MALDI mass spectrometers.  
Microfabrication techniques borrowed from the microelectronics industry have facilitated mass 
production of devices of this nature [159].  Since its introduction in 1990, microfluidic 
technology which enables liquid to flow through µm-sized channels has been widely applied to 
the development of novel tools for proteomic analysis.  A comprehensive review of the evolution 
of microfluidic systems and the subsequent coupling to MS is beyond the scope of this thesis; the 
reader is referred to reviews by Lazar [160], Lion [161], and Foret [162].  The objective here is 
to illustrate the diverse range of microfluidic devices amenable to mass spectrometers. 
 
The first microfluidic device designed for direct ESI-MS coupling was reported by Xue and co-
workers in 1997 [163].  This device was designed for multiplexed analyses, where sample 
infusion occurs from a flat surface in the MS source.  A similar device was also reported by 
Ramsey and Ramsey [164] later the same year.  Abersold and co-workers [165] postulated an 
alternative approach, where a glass microdevice sample delivery system, coupled to a standard 
capillary column using a Teflon connector, was interfaced with the MS source.  Schematics of all 
three designs are shown in Figure 1.5 
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Figure 1.5  (A) Microchip ESI-MS interface designed by Xue and co-workers [reproduced from 
reference 163] (B) Ramsey and Ramsey channel layout for indirect pumping induced by electro-osmotic 
flow for ESI-MS [reproduced from reference 164] and (C) A schematic representation of a microchip for 
MS infusion with an inserted capillary that acts as an electro-osmotic pump and transfer line between the 
chip and ESI interface [reproduced from reference 165]. 
 
Since these early publications, many studies on ESI-MS interfacing for coupling microfluidics to 
mass spectrometry have been reported.  These included the use of fabricated tips in glass [163, 
164], bulk etched silicon [166] and various polymers including poly(ethylene terepthalate) 
(PET) [167], polycarbonate (PC) [168], polydimethylsiloxane (PDMS) [169] 
polyetheretherketone (PEEK) [170], and polymethylmethacrylate (PMMA) [171].  Overall, online 
ESI-MS offers a simple approach for directly interfacing microfluidic separation techniques with 
MS while providing good sensitivity, mass accuracy and reproducible signals for effective 
analyte quantification. 
 
Several commercial microfluidic ESI products are now available and many of them implement 
the same fundamental principles introduced in the late 1990’s.  Advion BioSystems, Inc. released 
their nano fraction analysis chip technology (nanoFACT).  Agilent Technologies have been the 
leaders in the commercialisation of microfluidic lab-on-a-chip technologies since the 2100 
(A) (B) 
(C) 
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Bioanalyzer was launched in 1999.  Since then, the 2100 Bioanalyzer has been used to analyse 
proteins, RNA, DNA and cells using electrophoretic separation capabilities and/or flow 
cytometric analysis using cell fluorescence parameters to identify sample properties.  More 
recently, Agilent released the 1200 Series HPLC-Chip/MS system, a reusable HPLC-chip 
integrating sample enrichment and separation columns of a nanoflow-LC system.  The 
biocompatible polymer chip allows the nanospray tip to be located inside the electrospray mass 
spectrometer (Figure 1.6). 
 
                  
Figure 1.6 The 1200 Series HPLC-Chip/MS by Agilent [reproduced from reference [172] 
 
The application of microfluidic techniques has not occurred to the same extent in the MALDI-MS 
as the primary requirement for MALDI analysis is the need for introduction of dry samples on 
the matrix to the MALDI plates.  The coupling of microfluidic chips to MALDI mass spectrometer 
can be on-line or off-line and a handful these techniques will be described in this section.  Recent 
reviews by Winkle [173] and Lee [174] provide a comprehensive overview of the field. 
 
For an on-line approach, the sample is continuously delivered to the vacuum in real time [175].  
A unique on-line approach was reported by Brivio and co-workers [176, 177].  In their studies a 
glass/slicon chip with both open and closed channel regions was integrated into a standard 
MALDI target by milling out a suitable pocket to hold the chip as shown in Figure 1.7(A).  
Pressure-induced flow occurs when the target enters the vacuum chamber of the mass 
spectrometer source where the fluid is pulled through a microfluidic chip forcing the precursors 
to mix and react before travels to the exit reservoir where it is subjected to MALDI. 
 
Another on-line approach has been described by Ørsnes and co-workers [178, 179] who 
adapted a rotating ball inlet designed to interface with a MALDI-TOF mass spectrometer.  In this 
technique, analyte-matrix solutions are delivered to the surface of a stainless steel ball.  As the 
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ball rotates the solution is exposed to vacuum where the volatile solvent evaporates, resulting in 
the matrix-analyte is co-crystallised on the surface of the rotating ball.  The ball is then rotated 
into position for laser desorption and TOF mass spectrometric analyses. 
 
More recently, Murray and co-workers have adapted this technique to couple chip-based 
capillary electrophoresis (CE) with the rotating ball inlet for MALDI-TOF mass spectrometric 
analysis [180].  In this study, CE separation was performed in a microfluidic chip fabricated in 
PMMA (Figure 1.7 B).  At the channel exit a V-shaped tip enables the chip effluent was deposited 
onto the rotating ball and matrix is subsequently applied to the surface using an external 
capillary.  This occurs all at atmospheric pressure.  Once the deposited sample dries, it is then 
rotated past a polymer gasket and into the laser ionisation region.  On-line separation of tryptic 
peptides of cytochrome c as well as a series of standard peptides have been achieved using on-
chip CE separation followed by on-line MS detection [174]. 
 
               
Figure 1.7 On-line microfluidic strategies for MALDI; (A) glass/silicon microfluidic chip integrate 
into a standard MALDI target [reproduced from reference [177] and (B) electrophoresis microchip 
coupled to a rotating ball MALDI interface including the micrographs of the channel inlet [reproduced 
from reference 180]. 
 
The techniques described above have proven to be successful in delivery of samples for MALDI-
TOF mass spectrometric analysis.  In addition, there are obvious advantages associated with on-
line approaches in terms of minimising transfer steps and increasing throughput which is highly 
desirable for proteomic analyses.  The drawback to on-line approaches is that modification to 
either the microfluidic device or the mass spectrometer is required to optimise the MALDI ion 
source, as such chip interfaces are currently not sufficiently sensitive for routine proteomic 
analysis [174]. 
(A) (B) 
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An off-line approach, on the other hand, involves no interference with the MS instrumentation.  
As sample separation and preparation are performed separately in time and space from the 
mass spectrometer [181].  Off-line strategies can either be associated with deposition onto a 
target surface compatible with MALDI mass spectrometers or directly from the microfluidic chip 
itself. 
 
Microfabrication technologies have been widely used to produce MALDI target plates with 
modified surfaces, in an effort to constrain the lateral spreading of the analyte during deposition 
and matrix co-crystallisation.  Bruker were the first to commercialise a target of this nature by 
imprinting an array of hydrophilic anchors across a hydrophobic sample support plate allowing 
the precise location of the sample droplet on the target surface.  This concentrated the sample in 
one area of a specified geometry as mentioned earlier in Section 1.4.3.1 and shown in Figure 
1.8(A).  When applying very small samples reproducibly to predetermined coordinates on the 
target surface, supplementary devices are often required.  As a result, several off-line strategies 
have been reported where microfluidic devices have facilitated the deposition of samples onto a 
standard MALDI target.  These include direct spotting [182] and microfluidic piezoelectric 
dispensers [183, 184], Figure 1.8(B).  An alternative to mechanical deposition is the use of 
electrospray deposition of analytes from capillaries directly onto MALDI targets [170]. 
 
                     
 
Figure 1.8 (A) Bruker™ MALDI target plate with an array of imprinted hydrophilic anchors and (B) 
microfluidic piezoelectric dispensers. 
 
Several off-line strategies currently exist where open microfluidic channels have been 
manufactured into modified MALDI target plates and the majority of these employ either CE or 
LC separation techniques.  For a microfluidic chip to act as a target substrate, the sample must be 
accessible by the MALDI laser source for ionisation [144]. 
(A) (B) 
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Lui and co-workers [176] described a glass microchip where capillary zone electrophoresis 
separation occurred in an open microchannel (Figure 1.9 A).  Separation occurs for a 
predetermined time before the solvent is evaporated leaving behind the solid-phase sample and 
matrix in the channel.  The entire chip is transferred to the MALDI source for subsequent mass 
spectrometric analyses. 
 
A similar open channel approach was adopted by Guo and co-workers [185] in a UV-embossed 
polymeric chip whereby protein separation occurred by capillary isoelectric focusing (CIEF).  
Once separation had been achieved, a matrix solution was electrosprayed onto the separated 
protein bands.  The chip was then positioned within a modified MALDI stainless steel plate for 
subsequent analysis.  A schematic illustration of the experimental setup for CIEF separation is 
shown in Figure 1.9(B).  This open channel design has been reported to have shortcomings 
associated with solvent evaporation due to Joule heating generated by the electric field [174].  
An alternative pseudo-closed channel system coupling CIEF to MALDI-TOF mass spectrometric 
detection was reported by Mok and co-workers [186].  This chip was manufactured from PMMA 
and consisted of a base chip (with separation channels 70 m in diameter and 70 mm long) and 
a cover chip, as shown in Figure 1.9(C).  The grooves cut into the cover chip prevented solvent 
evaporation and sample diffusion into the gap during separation.  Once separation was been 
achieved, the cover chip was removed, and a matrix solution was subsequently deposited along 
the channel for MALDI-TOF mass spectrometric analysis. 
 
A similar closed channel system was reported by Xu and co-workers [187] in which the channel 
was fabricated in PMMA and the cover from PDMS.  In this system the channel contained 
polyacrylamide and separation occurred via electrophoresis.  Once separation had been 
achieved, the chip cover was removed.  As some of the gel tended to adhere to the surface of the 
PDMS cover either the chip or the cover was mounted in a modified MALDI ion source (Figure 
1.9 D).  No additional matrix was applied as the gel formed a suitable matrix when irradiated by 
an IR laser.  The IR laser has greater depth of penetration compared to UV lasers, overcoming 
the accessibility limitations of biomolecules embedded within the gel matrix.  This chip design 
has decreased the quantity of material required for analysis of conventional gel slabs, and has 
been successful for pure mass standards with an upper mass limit of 10 kDa [188]. 
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Figure 1.9 Off-line open channel (A-B) and pseudo closed channel (C-D) microfluidic chips for MALDI-TOF mass spectrometric analyses: 
(A)  Capillary zone electrophoresis separation in an open microchannel [reproduced from reference 176]  (B)  Open channel CIEF polymeric chip design (top view) and schematic 
of experimental setup [reproduced from reference 185]  (C)   Schematic of the CIEF pseudo-closed channel microfluidic chip [reproduced from reference 186]  (D)   Schematic of 
the gel microfluidic chip ion source [reproduced from reference 187]. 
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While the preceding examples show promising applications they have yet to be commercialised.  
One microfluidic substrate for direct MALDI-MS has been commercialised by Gyros AB (Uppsala, 
Sweden) in the Gyrolab MALDI-CD technology [189].  This system has been developed for 
sample preparation prior to MALDI-MS analysis.  The CD format comprises of 96 sample 
processing lines and sample and solvents are loaded into miniature reservoirs near the centre of 
the CD-disk.  Centrifugal forces induced by rotation of a microfluidic CD-disk manipulate fluids at 
the nanoliter scale.  The samples are collected in small spots (200 x 400 µm) where co-
crystallisation in the outlet of the device occurs, as shown in Figure 1.10.  
 
 Initially, the Gyrolab MALDI-CD target technology required the purchase of a complete Gyrolab 
system.  Today kits compatible with MALDI-TOF instruments from Bruker Daltonic Inc., and 
Kratos Analytical Inc., are currently available from Gyros, kits for interfacing with instruments 
from other manufacturers are under developed [190].  
 
 
                           
 
Figure 1.10 Gyrolab MALDI-CD technology;  Photograph of a centrifugal CD for high-throughput 
MALDI-MS from a chip [reproduced from reference 189]. 
 
Only a small representation of the developing microfluidic technologies for mass spectrometry 
has been reported in this thesis.  Both off-line and on-line microfabricated devices have the 
potential to evolve into powerful separation and presentation systems for MALDI-TOF mass 
spectrometric analyses.  It is anticipated that integrated MALDI-MS microfluidic systems will be 
developed and become commercially available in the not too distant future.  
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1.8 Scope of the project  
 
The aim of this project was to design, manufacture and test an off-line sample delivery system 
compatible with the existing Bruker Biflex MALDI-TOF mass spectrometer although the concept 
can be adopted for use in a wide range of MALDI-TOF mass spectrometers.  The delivery system 
consists of two separate components that together deliver and separates the components of a 
standard peptide mixture onto the target surface. 
 
The first component consists of a standard stainless steel MALDI target that is modified to 
accommodate a metal insert.  The removable metal insert can be coated with a polymer, the 
surface of which can be selectively chemically modified, thereby facilitating separation of analyte 
components.  The insert is also designed to be used in conjunction with a sample delivery device 
(the second component). The sample delivery device utilises microfluidic technology which 
enables liquid to flow through a µm-sized channel over the surface of the polymer coated metal 
insert.      
 
In this study, it is envisaged that spatial separation of a standard peptide/protein mixture would 
occur based on their varying surface-analyte interactions with the modified polymer film 
bonded to the target insert.  After matrix application, the insert could be positioned within the 
modified MALDI target and mass spectra could be acquired directly from the polymer surface.  
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2 
MALDI instrumentation and methods  
 
 
Chapter 2 is a general methods chapter describing the mass spectrometer, standard operating 
conditions, together with the standard sample preparation methodologies utilised for most 
experiments throughout this thesis. 
 
 
2.1  MALDI-TOF mass spectrometer  
 
All MALDI-TOF mass spectra were recorded on a Bruker Biflex II MALDI-TOF mass spectrometer 
(Bruker Daltonik, GmbH, Bremen, Germany) equipped with a UV nitrogen laser, computer 
controlled sample introduction and target control system (SCOUT) and gridless pulsed ion 
extraction (commonly referred to as gridless delayed extraction, GDE) [1].  The TOF mass 
analyser was fitted with dual detectors and was capable of operation in both linear and 
reflectron modes with an effective ion flight path of 1.6 m and 270 cm respectively.  This 
instrument was also fitted with a fragmentation analysis and structural TOF (FAST) accessory 
enabling MS/MS analysis to be performed in reflectron mode.  A detailed description of the 
instrument is given in Section 2.1.1. 
 
 
2.1.1 Description of instrument 
 
The Bruker Biflex II MALDI-TOF mass spectrometer is equipped with a pulsed ultraviolet 
nitrogen laser with a 337 nm wavelength and 4 nanosecond pulse duration (Laser Science Inc., 
U.S.A.) and a rectangular output shape of ca. 3 mm x 8 mm.  A beam splitter located at the laser 
aperture directs a small fraction of the laser light to a photodiode triggering the time-of-flight 
measurement.  The majority of the laser beam is directed to a rotary variable neutral density 
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filter to attenuate the laser beam allowing for fine adjustment of the laser fluence.  The laser 
beam is then focused through an iris, dual lens system, and a second iris to a desired spot size 
(ca. 100 μm).  The focused laser beam is then redirected into the ion-source and onto the target 
surface using a mirror system, as shown in Figure 2.1. 
 
 
 
Figure 2.1 Schematic diagram of the Bruker Biflex II optical system [reproduced from reference 2]. 
 
The SCOUT has an automated sample introduction and target location system with automatic 
pump-down and computer controlled sample selection.  The target is loaded into the source and 
positioned in precision holder with x-y manipulators that are fully computer controlled allowing 
any point along the 30 mm diameter standard sample target to be exposed to the laser beam.  A 
charged coupled device video camera connected to a monitor enables high resolution (<10 µm) 
sample observation to be achieved. 
 
The ion source consists of the sample probe, which can be charged either positively or 
negatively, and a grounded accelerating electrode at a distance of ca. 1-2 cm, enabling high ion 
transmission for both stable and metastable ions.  A deflector is mounted approximately 10 cm 
from the ion source and consists of two electrodes 1 cm apart to which an electrical field of 2 
kV.cm-1 orthogonal to the ion beam can be applied for a period of time selected by the operator.  
Ions are deflected off the ion optical axis by the orthogonal electrical field and therefore do not 
reach the detector.  This technique can be used to minimise the effect of low mass ions that 
otherwise might reduce the sensitivity to higher mass ions due to saturation of the detector. 
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As noted earlier, the Bruker Biflex II MALDI-TOF mass spectrometer is fitted with dual detectors 
for use in both linear and reflectron modes (Figure 2.2).  In linear mode, ions are accelerated 
from the ion source into the field-free drift region.  The detector is positioned at the end of the 
drift region.  The electron transfer photomultiplier consists of an active film discrete dynode 
multiplier designed for TOF mass spectrometry.  The active film is present on the conversion 
dynode and emits electrons when hit by sufficiently accelerated ions.  The electrons produced 
are guided using optimised optics into the electron multiplier that is capable of producing a gain 
greater than 107 and a maximum dynode potential of 2.1 kV.  
 
In reflectron mode, an electrostatic mirror is used to reflect ions through a large angle towards a 
second detector.  The instrument used in this study is equipped with a two-stage gridless 
reflector, allowing those ions retarded in the first stage to be reflected into the second stage.  
The reflector is usually set to a somewhat higher potential than the accelerating potential, in 
order to efficiently reflect ions.  For fragment analysis and structural TOF (FAST) measurements 
(otherwise known as PSD) the reflector potential is reduced stepwise to lower values than the 
accelerating potential in order to analyse mass fragment ions.  The operating parameters used 
throughout this study for reflectron and FAST/PSD experiments are outlined in Sections 2.2.7.1 
and 2.2.7.2 respectively.  
 
 
 
Figure 2.2 Schematic diagram of the time-of-flight mass spectrometer; the linear detector is 
indicated in grey and the reflectron detector is indicated in white [reproduced from reference 2]. 
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AutoXecute acquisition control was applied for automated data acquisition.  The VME bus 
computer, employing the OS-9 operating system equipped with six digital-to-analogue 
converters and a MC68040 microprocessor, controlled data acquisition for this instrument.  The 
VME computer was central to data acquisition and control of the hardware.  After the vacuum 
reached its set point the computer control monitored all high voltages, sample target position, 
the laser attenuator via a multiplexed digital-to-analogue converter.  Parameters and commands 
were transmitted from the SUN computer via the Ethernet communication bus.  The detector 
signals were amplified in two stages, digitised using a 1 GHz digitiser of 50 K channels and 
transferred to the SUN computer workstation, where the data was processed and displayed.  The 
SUN sparc 4 workstation served as a terminal for the system and as a post-processing device. 
 
During the course of this study several parts of the instrument were replaced.  These included 
the pulsed ultraviolet nitrogen laser (VSL-337i, Spectra Physics, CA, U.S.A.) and the 1 GHz 
digitiser. 
 
 
2.1.2  MALDI targets 
 
The Bruker Biflex II MALDI-TOF mass spectrometer used in this study supports the SCOUT26 
targets.  Several SCOUT26 targets made from stainless steel were purchased for this study 
(Bruker Daltonik, GmbH, Bremen, Germany) and their surfaces ranged from highly polished to a 
matted finish.  The targets were made from 316 grade stainless steel.  Standard probes with 26 
defined sample positions were used to calibrate (internal) both reflectron mode together with 
the calibration file used for FAST/PSD experiments (as discussed further in Sections 2.2.7.1 and 
2.2.7.2 respectively). 
 
 
2.2  Materials and methods  
 
The materials and methods described in this section form the standard operating protocols for 
MALDI-TOF mass spectrometry and provide a benchmark for comparison with respect to 
performance and sensitivity. 
 
 
 
2. MALDI instrumentation and methods 
 
 
56 | P a g e  
 
2.2.1  Matrices  
 
The matrices used throughout this study were -cyano-4-hydroxycinnamic acid (HCCA), 
sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid) (SA) and 2-5-dihydroxybenzoic acid 
(DHB).  All were purchased from Aldrich Chemical Company Inc. (Milwaukee, Wisconsin, U.S.A.).  
Prior to their use, all matrix compounds were recrystallised from methanol (Chromasolv HPLC 
grade, Sigma-Aldrich, Milwaukee, Wisconsin, U.S.A.).  The matrix most commonly used in this 
study was HCCA as the majority of samples being analysed were low molecular weight 
peptides/proteins. 
 
2.2.2  Mass calibrants  
 
The standard mass calibrants used throughout the course of this study are listed in Table 2.1.  All 
standards were purchased from Sigma-Aldrich Chemical Company Inc. (Milwaukee, Wisconsin, 
U.S.A.) and were used without further purification. 
 
Table 2.1  Mass calibrants for MALDI-TOF mass spectrometry  
 
 
Synthetic peptides 
 
Source 
 
CAS No 
 
Mono-isotopic 
m/z 
 
Average 
m/z 
Leucine enkephalin Synthetic 58822-25-6 555.62 555.60 
Angiotensin II Synthetic 
(human) 
4474-91-3 1046.18 1046.19 
Neurotensin Synthetic 58889-67-1 1672.94 1672.90 
Adrenocorticotroptic hormone  18-39 clip 53917-42-3 2465.67 2465.72 
Insulin Chain B Oxidized Bovine pancrease 30003-72-6 3495.89 3496.00 
Myoglobin Horse skeletal 
muscle 
100684-32-0  16951.45 
 
2.2.3  Solvents 
 
Solvents used in the preparation of matrices and other stock solutions necessary for recording 
mass spectra were selected for their purity and are listed in Table 2.2 together with their 
suppliers. 
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Table 2.2 Solvents used in the preparation of matrices and stock solutions for MALDI-TOF mass 
spectrometry  
 
Solvent Source CAS No 
Acetone OmniSolv, EM Science, Gibbstown, New Jersey, U.S.A. 67-641 
Acetonitrile Riedel-de-Haen, RdH Laborehemikalien, GmbH, Germany 75-05-8 
Trifluoroacetic acid  Aldrich Chemical Company Inc., Milwaukee, Wisconsin, 
U.S.A 
76-05-1 
Water Milli-Q, in house, Ultra Pure Water System, Millipore, 
Australia 
 
 
The solutions prepared using the solvents were: (1) a 99% v/v solution of acetone in ultra pure 
water, (2) a 1% v/v solution of trifluoroacetic acid in ultra pure water, (3) a 0.1% v/v solution of 
trifluoroacetic acid in ultra pure water, and (4) a 0.1% v/v solution of trifluoroacetic acid in 
acetonitrile/ultra pure water (2:1 v/v).  Throughout the text, solutions (3) and (4) will be 
referred to as TFA and TA, respectively.  These are the standard solutions employed for MALDI-
TOF mass spectrometric analysis [2]. 
 
2.2.4   Preparation of matrices 
 
The matrices used in this study (outlined in Section 2.2.1) were prepared in two solvent systems, 
99% v/v acetone and TA solution (Section 2.2.3).  In each case, the matrix solution was prepared 
as a saturated solution in the appropriate solvent (1 mL) in 1.5 mL Eppendorf centrifuge tubes 
(Eppendorf South Pacific Pty. Ltd) and sonicated in an ultrasonic bath (Branson Ultrasonics 
Corporation, Danbury, Connecticut, U.S.A.) for ca. 10 minutes.  Once sonicated, the matrix 
solution was then centrifuged for 10 minutes at 4000 rev.min-1 using a Spinwin (Extect 
Equipment Pty. Ltd.) bench top centrifuge.  The supernatant was then used as the matrix 
solution for analysis.  All matrix solutions when not in use were refrigerated at -20 °C and stored 
for no longer than one month. 
 
2.2.5   Preparation of stock solutions  
 
A number of different stock solutions of synthetic protein/peptides (outlined in Table 2.1) were 
prepared during the course of this study and, unless otherwise stated, they were prepared at a 
concentration of 100 pmol.L-1 (1 mL) in a 1.5 mL Eppendorf centrifuge tube.  TFA solution 
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(Section 2.2.3) was used to prepare all stock solutions of synthetic peptides/proteins.  Solutions 
were sonicated in an ultrasonic bath and sonication times ranged from 5 to 15 minutes 
depending on the solubility of the protein/peptides.  All stock solution were refrigerated at -
20°C until required. 
 
2.2.6   Standard sample preparation for MALDI-TOF MS  
 
A number of different methods have been proposed for the application of analytes and matrices 
to the surface of the target (Section 1.4.3.1).  In this study, the dried droplet method and layered 
methods were used to deliver analytes onto the MALDI target surface.  Eppendorf pipettes, 1 – 
2.5 µL and 1-1000 µL (Eppendorf, Netherler, Hinz, GmBH, Hamburg, Germany) were used to 
prepare and deposit the sample solutions. 
 
2.2.6.1  Cleaning the surface of the target 
 
Prior to matrix-analyte application, the target surface was cleaned to prevent cross 
contamination from samples previously analysed.  The stainless steel MALDI sample targets 
(standard 26-spot) were sonicated for 20 minutes in a pyrogenic cleaning solution (Pyroneg, 
Diversey Lever Australia Pty. Ltd., New South Wales, Australia), rinsed with ultra pure water and 
returned to the ultrasonic bath for further sonication in ultra pure water for 20 minutes.  At the 
end of this time, the target was dried with lint free tissues. 
 
2.2.6.2  Dried droplet method 
 
The samples were prepared using the dried droplet method (previously mentioned in section 
1.4.3.1).  An aliquot (1 µL ) of the sample solution (synthetic peptide 100 pmol.L-1 stock, Table 
2.1) was mixed with TA solution (9 µL) and matrix solution (10 µL) in a 500 µL Eppendorf 
centrifuge tube resulting in a final concentration of 5 pmol.L-1.  This solution was then vortex 
mixed for ca. 5 minutes.  Aliquots (1 µL) of the sample solution were deposited on the target 
spots and allowed to dry at ambient temperature. 
 
Unless otherwise specified, salts were removed from the sample solution by washing with cold, 
ultra pure water (4 °C) [3].  A 5 µL aliquot of this solution was placed on the analyte/matrix spot 
on the target and removed using a 10 µL Eppendorf pipette after ca. 30 seconds.  The desalted 
spots were allowed to dry and the target introduced into the MALDI source.  
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2.2.6.3  Layered method 
 
An alternative layered method was adopted for some samples, in which the analyte and matrix 
were applied to the target surface in separate layers.  In the normal layered method, 1 µL of the 
matrix solution (99% v/v solution of acetone (Section 2.2.4) was applied to the sample target 
and allowed to air dry, followed by 1 µL of the analyte solution applied as a second layer onto 
the target surface.  The layers were also applied to the target surface in the reverse order, that is, 
the analyte layer first followed by the matrix layer.  This layering method is referred to as the 
inverted layer method. 
 
2.2.6.4  Crystal formation  
 
Crystal formation has been extensively reported to influence the quality of the obtained mass 
spectrum [4-8], as the interaction between the matrix solution and target surface determines 
whether the solution is dispersed or contracted into a droplet.  In this study crystal formation 
for each of the standard sample preparation techniques was explored using HCCA as the matrix. 
 
Using the dried droplet method (described in Section 2.2.6.2), a 5 pmol.µL-1 low molecular 
weight standard mixture (1046 – 3496 Da) was applied to a stainless steel (316 grade) 26-spot 
MALDI target and allowed to dry at ambient temperature.  Due to slow evaporation of TA-
solvent (Section 2.2.3), analyte molecules are frequently found in the crystalline rim of the target 
and the inner zone is often filled with inhomogeneous micro-crystallites together with “sweet 
spots” where aggregations of sample molecules have concentrated on the target surface (as 
shown in  Figure 2.3 A-C). 
 
When the normal and inverted layered methods were employed, the observed surface 
morphology generally appeared to be more homogeneous with a fine layer of crystallites 
uniformly distributed across the target surface.  As the matrix was prepared in a volatile solvent 
(acetone) the rate of evaporation of the solvent was rapid and often resulted in better inclusion 
of the analyte into the matrix crystals, as shown in Figure 2.3 D-F for the normal layered method 
and Figure 2.3 G-H for the inverted layered method. 
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Figure 2.3 SEM micrographs of analyte-matrix morphologies (A-C) dried droplet method, (D-F) normal layered method and (G-H) inverted layered method.  
Angiotensin II was used as the analyte for both layer methods. All SEM micrographs were acquired using the conditions described in Section 3.1.1.1 
  was used and the analyte 
(A) 
(C) 
(B) (E) (H) 
(D) (G) 
(F) 
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The surface on which the matrix-sample is deposited also plays a crucial role in the co-
crystallisation process, as surface tension properties of the matrix system influence the matrix 
morphology.  316 grade stainless steel targets have been reported to have a carbon content of 
0.08 % [9].  The presence of carbon on the target surface may provide nucleation sites for 
crystallisation to occur as observed in the dried droplet method where solution-surface 
interaction times are longer. 
 
Although stainless steel has become the preferred surface medium for MALDI-TOF mass 
spectrometric analysis, its surface properties cannot be readily tailored to facilitate the analysis 
of samples possessing a diverse range of properties.  Details of how this project addressed this 
deficiency will be presented in Chapters 3 and 4. 
 
 
2.2.7   MALDI-TOF standard operating conditions 
 
All data were acquired with the Bruker XACQ version 3.1 software (Bruker-Franzen Analytik 
GmbH, 1996) running on a Sun SparcStation 5 workstation (Sun, Sunnyvale, CA, U.S.A.).  Spectra 
were initially viewed using XMASS™ Version 5.0 (Bruker Daltonik GmbH, 1999, Bruker-
Daltonics Inc,) and all data acquired were transferred from the SUN to a PC for data processing. 
 
2.2.7.1  Reflectron mode 
 
All mass spectra were acquired in positive ion mode.  The reflector mirror was set to 20.00 kV 
and the total acceleration voltage to 19.0 kV.  The first acceleration plate (IS2) and lens voltages 
in the source were initially adjusted in order to optimise signal intensity and mass resolution for 
a selected calibration ion.  Unless otherwise stated, these voltages were 15.0 kV and 6.70 kV 
respectively.  Laser fluence was carefully adjusted using a gradient neutral density filter to 
obtain the maximum signal-to-noise ratio and shot summation ranged from 50 – 250 depending 
on the sample being analysed. 
 
When spectra were acquired using the delayed extraction mode, the pulse voltage was 
optimised for resolution depending on the mass range of the individual sample distributions. 
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2.2.7.2  Fragmentation analysis and structural TOF  
 
In reflectron mode, MS/MS analysis can be performed using the fragmentation analysis and 
structural TOF (FAST) accessory (Section 2.1.1).  This accessory enables the analysis of 
metastable ions generated from molecular ions within the field-free drift region; the technique 
is commonly known PSD. 
 
The PSD calibration was carried out using ACTH 18-39 clip.  A 5 pmol.µL-1 solution of ACTH was 
applied to a standard SCOUT 26 target using the dried droplet method (Section 2.2.6.2).  The 
potentials of the reflectron mirror were gradually stepped down from 20 kV to 1.04 kV in 
sixteen steps (see Appendix 1 for a full list of the voltages).  In each voltage step, 200 to 250 
shots were summed to give a spectral segment of satisfactory signal-to-noise ratios. 
 
Individual spectra were then pasted together into a single fragment ion spectrum using the 
Bruker FAST software, as shown in Figure 2.4.  This spectrum formed the basis of the 
calibration file, allowing molecular ions of interest from a mass spectrum to be isolated from 
other ions by a time voltage pulse using the FastPulse program.  The isolated fragment ion is 
then subjected to the same voltage range and mass spectra are acquired providing insight into 
the amino acid sequence of the peptide molecule.  This technique has been employed in this 
project and is discussed further in Chapter 3. 
 
Figure 2.4 PSD spectrum of ACTH 18-39 clip. 
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2.3  Modified MALDI target 
 
Using state-of-the-art instrumentation, detection and sensitivity are limited by the sample 
handling and preparation rather than by the mass spectrometric analysis [10].  The 
development of a target system that could provide a suitable surface for the on-target 
separation of biomolecules would be advantageous.  In this study, a target will be designed that 
combines sample separation and presentation features in one device, potentially overcoming 
some of the current shortcomings associated with the use of conventional protein separation 
techniques and standard MALDI targets discussed in Chapter 1. 
 
In order to make use of the conventional ion source geometries of the Bruker Biflex II MALDI-
TOF MS, a commercial stainless steel SCOUT26 MALDI ground blank target (Bruker Daltonik, 
GmbH, Bremen, Germany. Catalogue No 10328) was purchased and modified for this study.  
Modified target designs were generated in AutoCAD (3D structural software) and manufactured 
in the School of Applied Sciences Workshop, RMIT University. 
 
Modifications to the commercial steel SCOUT26 ground blank target included a centre recess 
(20 mm wide by 2 mm deep) extending across the face of the target surface with a 60° dove tail 
edge along the sides of the recess, as shown in Figure 2.5.  This recess allows the target inserts 
to be inserted into the modified target. 
 
The target inserts were manufactured to the precise geometry (30 mm x 20 mm x 2 mm) to be 
inserted into the modified Bruker SCOUT26 target, as shown in Figure 2.6.  Stainless steel and 
copper foils (100 mm x 100 mm, 2 mm thick) were purchased from Goodfellow (Cambridge, 
Ltd., Huntingdon, England, Catalogue No ASIS 310, 667-175-46 and 154-812-45 respectively) 
and used for the manufacture of the target inserts.  These materials were selected according to 
several criteria.  Firstly, they were selected based on their conductive properties, secondly, their 
mechanical strength to maintain the geometric integrity during fabrication and finally their 
previously reported compatibility with MALDI-TOF MS instruments [11-13].  Five stainless steel 
and five copper target inserts were manufactured for this study and the top face of each insert 
was precision ground to provide an optically flat surface for MALDI analyses. 
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Figure 2.5 AutoCAD solid drawings (top and side views) of modified MALDI target (left) and target 
insert (right). 
 
      
 
Figure 2.6 Photographs of the modified MALDI target with target inserted halfway. 
 
Special care was taken to ensure the targets retained the necessary geometry for the Bruker 
Biflex SCOUT26 source, as any irregularities would result in the target being incorrectly 
positioned in the ionisation source or unable to be positioned within the source at all.  All 
modified targets were tested by comparison with Bruker SCOUT 26 stainless steel target 
(Bruker Daltonik, GmbH, Bremen, Germany, Catalogue No 12416). 
 
Although the target used in this study was manufactured for a Bruker Biflex II MALDI-TOF mass 
spectrometer, the concept of the target insert designed can be adapted for other target 
geometries and therefore can be applied to MALDI instruments in general. 
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3 
Selection of surface material and fabrication of 
target inserts  
 
 
The fundamental process of mass spectrometry begins with the formation of isolated gas phase 
ions.  In the MALDI technique this has generally been achieved by vaporisation from a dilute 
solid solution of the analyte in a matrix.  Phase separation and surface interactions mitigate 
against the formation of a homogeneous matrix-analyte solid solution.  Laser excitation results 
in the ablation of a surface layer of the matrix-analyte solid solution, resulting in the formation 
of a MALDI plume, as rapid solid-to-gas phase transitions occur between the matrix and analyte 
ions leading to the formation of essentially only singly charged ions.  As a result MALDI has 
become one of the preferred techniques for analysing biological samples. 
 
The diverse nature of biological samples often complicates the sample-surface interaction 
leading to variability in MALDI results.  Although stainless steel has become the preferred 
surface medium for MALDI-TOF mass spectrometric analyses, there is currently no universal 
surface medium available that facilitates the analysis of samples possessing a range of 
properties.  This chapter focuses on the role of the surface in MALDI. 
 
 
3.1   The role of the surface in MALDI-TOF mass spectrometry  
 
Due the importance of sample-surface interaction in MALDI the surface structure has become an 
area of interest over the last decade and many laser desorption techniques focusing on surface 
interactions have evolved.  These include SEAC [1], SEPAR [2,3] and SELDI [4] described in 
Chapter 1.  All focus on the selective retainment of a specific group of proteins based on their 
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interactions with distinct chromatographic or bioaffinity surfaces [5].  The specificity of these 
techniques, however, makes them less suitable to the analysis of complex biological mixtures. 
 
Another class of target modifications involves tailoring the surface of the target so that it is 
capable of transferring enough energy to the analyte to facilitate the desorption/ionisation 
process mitigating the need for matrix addition [6,7].  Several approaches have evolved: DIOS 
(Section 1.4.3.1), material-enhanced laser desorption/ionisation (MELDI) [8-12] and, more 
recently, surface assisted laser desorption (SALDI) [13]. 
 
In SALDI, analyte ions are desorbed from a solid substrate.  This process critically depends on 
the physical and chemical properties of the solid surface.  Historically, SALDI is closely related to 
the pioneering MALDI technique described by Tanaka and co-workers [14] who incorporated 
cobalt particles suspended in glycerol as the matrix.  More recently, carbon-based SALDI 
techniques have been published incorporating all three carbon allotropic forms: graphite 
(hexagonal lattice) [15], amorphous carbon or diamond (tetrahedral lattice) [16] and fullerenes 
(geodesic spheroid) [17].  The type, form and size of the carbon particles have been reported to 
influence the desorption/ionisation efficiency and the overall analytical performance of SALDI-
MS in terms of ion generation [18].  In these cases, the role of glycerol is not intended to be that 
of an energy transfer matrix.  Instead, it is used as a medium for surface replenishment to 
ensure that ion signals are obtained for extended periods [6]. 
 
The thermal, electric and chemical characteristics of some carbon allotropes are well suited to 
LDI mass spectrometric studies [19].  Moreover, the chemical structures of some of the 
allotropes possess a delocalised  electron system similar to that of standard matrices (such as 
HCCA) [20].  This means they have the potential to act as energy transfer agents.  The lack of 
matrix molecules in the SALDI experiments lends the technique to laser desorption of smaller 
analytes, peptides and lipids which are often challenging to analyse by MALDI [13]. 
 
As illustrated above, the traditional LDI techniques are constantly being refined and developed 
to enable a broader range of analytes to be analysed.  The shift to less polar surface media such 
as those used in DIOS, MELDI and SALDI has shown promising applications extending the mass 
range to low mass, less polar compounds.  The upper limit of these techniques, is however, 
relatively low (2000 Da).  Further research is required to extend the mass range and develop 
surface structures that retain uniform surface features during desorption ionisation process [7]. 
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As MALDI analysis requires ions to originate from a well-defined flat surface it is the intention of 
this study to develop an improved more versatile target surface for more generalised MALDI-
TOF mass spectrometric analyses using a flat polymeric membrane. 
 
 
3.2  Selection of surface material  
 
Early studies had focused on finding a suitable membrane to interface SDS-PAGE with MALDI-
TOF mass spectrometry.  PVDF [21], nitrocellulose [22], and nylon [23] have all been reported 
as transfer membranes from the gel to MALDI-TOF mass spectrometric analyses (Section 
1.4.3.1).  They can, however, be somewhat problematic as the protein-containing band must be 
cut from the polymer membrane and affixed to a metallic MALDI sample probe, matrix is 
subsequently added and mass spectrometric analyses performed.  The mass range capabilities 
of these membranes are often limited to low molecular weight peptide/proteins.  Since these 
polymers can form large numbers of polar interactions with large proteins thus requiring large 
energies for protein release.  So, although there are obvious advantages to blotting onto a MS-
compatible surface, a straightforward and robust methodology has yet to be developed [24]. 
 
Polymeric materials have also been explored in an effort to improve the surface distribution and 
co-crystallisation of samples on the target for MS analysis.  Their hydrophobic nature often 
results in analyte pre-concentration, consequently enhancing the sensitivity (Section 1.4.3.1).  
Worrall, Cotter and Woods [25] have reported the effectiveness of high-density polyethylene 
and polypropylene on stainless steel as a synthetic membrane for analysing peptide and protein 
samples obtaining reproducible mass spectra with improved mass resolution when compared 
to samples desorbed from bare stainless steel surfaces. 
 
Shortly after, Chaurand and Caprioli reported the use of a carbon (black) filled polyethylene film 
for MALDI analysis of tissue sections [26-28].  Ionisation results in desorption of charged 
species at the target surface and a conductive medium assists in maintaining the precise 
electrical potential necessary for TOF analysis.  The incorporation of the carbon into the 
polymer membrane provides a more conductive surface which assists in providing the long 
term stability necessary for TOF analyses. 
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Carbon filled polyethylene (CF-PE) film was chosen for this study as it addresses the necessary 
requirements for TOF analysis, as well as offering a suitable hydrophobic surface amenable to 
surface modification which could increase its hydrophilicity.  Controlled modification of such a 
polymer film also has the potential to produce surface gradients.  Such a surface has the 
potential to exploit the diverse properties of proteins, allowing separation to occur based on 
their differing interactions with the surface.  These concepts and techniques are discussed in 
detail in Chapter 4. 
 
 
3.3  Carbon filled polyethylene 
 
Carbon filled polyethylene (butyl-grafted) (CF-PE) film (80 m thick) was purchased from 
Goodfellow Cambridge, Ltd., (Huntingdon, UK) in 100 mm x 100 mm sheets.  The film was 
carefully cut into rectangles of 20 mm x 22 mm to suit the specific geometry of the target insert 
(described early in Section 2.3).  The CF-PE film was washed with methanol for 30 seconds, 
dried with lint free tissues, and stored in a dust free environment until required. 
 
3.3.1  Characterisation of carbon filled polyethylene  
 
In the absence of detailed technical specifications from the manufacturer, characterisation of the 
polymer was undertaken.  Scanning electron microscopy (SEM), thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC) techniques were used to determine the 
morphology and thermal properties of the CF-PE film. 
 
3.3.1.1  Scanning electron microscopy 
 
The surface morphology of the CF-PE film was examined using SEM.  SEM possesses very high 
spatial resolving power and depth of field capabilities and has been extensively used to examine 
the surface morphology of polymer surfaces [29-31]. 
 
SEM micrographs of the CF-PE film were obtained using a Philips XL30 SEM (FEI Company, 
Hillsboro, Oregon, U.S.A.) operating in high-vacuum mode using a secondary electron scintillator 
detector (2 nm resolution).  Samples were carefully mounted onto an aluminium stub using 
double sided adhesive carbon tape.  SEM micrographs were obtained using, an intermediate 
beam current and a 30kV accelerating voltage.  SEM micrographs of the CF-PE film are shown in 
Figure 3.1. 
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The surface of the CF-PE appeared to be uniformly flat and homogenous in its morphology at 50 
µm.  On further magnification to 5 µm (expanded region in Figure 3.1), the carbon black 
particles appeared dispersed within the polymer bulk.  Carbon black particles close to the 
surface are coated with polyethylene in order to retain an energetically favourable surface 
energy at the polymer-air interface.  The presence of very small carbon agglomerates (ca. < 0.5 
µm) were expected to have negligible effect on the film surface morphology in this study. 
 
    
Figure 3.1  SEM micrographs of the CF-PE film 
 
3.3.1.2  Thermogravimetric analysis  
 
TGA is an analysis technique used to quantitatively determine the components in a polymer, by 
monitoring changes in mass as a function of temperature and/or time.  TGA measures changes 
in weight of the CF-PE film in a controlled atmosphere, separating components based on their 
relative thermal stability, allowing absorbed moisture content and the amount of inorganic 
(non-combustible) filler in a polymer or composite material to be identified. 
 
TGA of the CF-PE film was performed in triplicate on a Perkin-Elmer TGA 7 thermogravimeter.  
Samples of the CF-PE film weighing in the vicinity of 2-3 mg were placed into a tared TGA 
sample pan attached to sensitive microbalance assembly situated within a high temperature 
furnace.  The balance assembly measured the sample weight (losses or gains) as heat was 
applied to the sample from 25˚C to 800˚C at a rate of 5˚C.min-1 in a flow of nitrogen (20 mL.min-
1).  At 800˚C the gas was changed to air (20 mL.min-1) allowing a rapid oxidative purge of the 
sample with the loss of volatile gases such as carbon monoxide (CO) and carbon dioxide (CO2).  
On completion, the percentage mass losses were calculated for each of the observed thermal 
decompositions using the thermal analysis software, Pyris for Windows (Perkin-Elmer 
Instruments LLC v3.81). 
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Figure 3.2 shows the thermogram of the weight losses due to desorption of gases or 
decomposition of the polymer.  The first two steps are triggered by loss of thermal stability of 
the polyethylene through homolytic chain scission and subsequent hydrogen abstraction from 
the polymer chain backbone by the resulting radicals which act by intramolecular (back-biting) 
mechanisms [32-34].  The third step is the oxidation of carbon black triggered by the switching 
of gases from nitrogen to air at 800˚C.  TGA analysis of the CF-PE film showed that there is 
minimal interfacial moisture trapped within the film (<2%) and that the carbon black filler 
constitutes ca. 15% of the total film weight. 
 
 
Figure 3.2 TGA thermogram of the CF-PE film 
 
3.3.1.3  Differential scanning calorimetry 
 
DSC is a technique used to study the thermal transition of a polymer.  It achieves this by 
measuring the temperature and heat flows associated with transition in materials as a function 
of time and temperature in a controlled atmosphere, providing fundamental information about 
the melting and crystallisation behaviour of polymers [35]. 
 
DSC analyses of the CF-PE film were performed in duplicate on a Perkin-Elmer Pyris 1 
differential scanning calorimeter under a nitrogen purge (20 mL.min-1).  Sample masses of 2-3 
mg were encapsulated in aluminum pans with a crimper.  The samples were first melted at 
210˚C for 5 minutes to remove previous thermal history.  The samples were then cooled to 20˚C 
at a rate of 10˚C.min-1 and reheated to 210˚C at the same rate.  DSC analyses of LD-PE material 
(LDH215, Qenos, Pty, Ltd) were also performed in duplicate using the same conditions as 
previously mentioned for CF-PE film to provide reference thermal behaviour.  The 
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crystallisation (Tc) and melting (Tm) peak temperatures were measured for both samples and 
shown in Figure 3.3.  The onset of Tc is determined by the intercept of the tangential slope to the 
baseline on the high temperature side of the exotherm.  The degree of crystallinity () of 
polyethylene was calculated on the basis that polyethylene with crystallinity of 100% has 
enthalpy of melting (H0) of 296 kJ kg-1 as indicated by the following relationship, where Hm is 
the measured melting enthalpy [35]. 
 

 
Hm
H0
100  
 
 
Figure 3.3 DSC curves of the LD-PE film and CF-PE film: exotherm (left) and endotherm (right)  
 
The CF-PE film exhibited Tc at 97.7˚C, although the crystallisation exotherm (Figure 3.5) was 
very broad with a shoulder extending to 60˚C, indicative of the crystallisation of the polymer 
due to the LD-PE molecular structure.  The Tc onset of the CF-PE was 109˚C and in comparison 
to the reference LD-PE, the onset was higher due to the heterogeneous nucleation provided by 
the carbon particles dispersed in the matrix.  The specific heat melting curves for CF-PE and 
reference LD-PE are also shown in Figure 3.3.  The endotherm was broad with gradual melting 
of poorer crystallites until about 100˚C, after which rapid melting occurred.  The later melting 
can be attributed to the higher melting crystallites formed from the longer ethylene sequences 
within the polyethylene  [35,36].  The Tm for CF-PE was 110˚C, similar to that of the reference 
LD-PE. 
 
The crystallinity of LD-PE was 40.2%, while CF-PE had lower crystallinity of 19.9%.  The lower 
crystallinity is attributed to the molecular structure of the base polyethylene in the CF-PE, with 
butyl branches reducing crystallisable sequences, in addition to the heterogeneous nucleation 
created by the presence of carbon black.  The film’s surface should retain low crystallinity when 
fabricated to the surface of the target insert. 
Tc Tm 
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3.4  Fabrication device and film fabrication protocol  
 
Attaching membranes or other materials onto the surface of a MALDI target may influence the 
field geometry in the ion source, possibly leading to a loss in resolution and mass accuracy in 
the mass spectrum [37].  This phenomenon has previously been observed by Chaurand and 
Caprioli who reported a slight decrease in resolution with respect to metallic targets when they 
mounted the CF-PE film onto sample targets using double-sided conductive tape [30].  The use 
of double sided tape appears not to provide sufficient geometric precision at the surface to 
maintain reproducible mass calibration in the MALDI-TOF mass spectrometer. 
 
As a part of this project, a fabrication device and protocol to bond the CF-PE film to the target 
insert (Section 2.3) was developed to ensure that the surface integrity of the film was 
maintained as a flat plane.  In order to promote stable bonding, specific polymer properties, in 
particular the melting and crystallisation properties of the CF-PE film, were required.  The semi-
crystalline CF-PE film was heated to promote thermal mobility of the polymer.  In the vicinity of 
the melting transition (110°C), molecular re-arrangement and annealing of the crystalline phase 
occurred.  The polymer film could then be formed by compression and bonded to the target 
insert.  Using the pressing device and protocols developed in this study, the bonded CF-PE film 
target inserts were fabricated reproducibly, as discussed further in Sections 3.4.1 and 3.4.2. 
 
 
3.4.1  Bonded film fabrication device 
 
An in-house built pressing device was designed to fabricate the bonded film target inserts.  This 
consisted of a miniature vacuum press and a polymer fabrication procedure based on the ASTM 
method for formation of polyethylene plates. 
 
The pressing device consisted of three major components. The first was a Perkin-Elmer die 
press (Perkin-Elmer Life and Analytical Sciences, Inc., Boston, MA, U.S.A.) which formed the 
central component.  A base-plate and plunger-die were designed (using AutoCAD) and 
manufactured (in the Applied Sciences Workshop, RMIT University) to ensure their 
compatibility with the die press.  The base-plate and plunger-die were designed to impart a flat 
surface and provide conditions for bonding of the film layer.  Aluminium was used to 
manufacture both the base-plate and plunger-die to provide uniform heat distribution 
throughout the device, shown schematically in Figure 3.4. 
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Figure 3.4  Schematic of the in-house pressing device, consisting of (A) plunger-die, (B) Perkin-
Elmer die press and (C) base-plate 
 
The base-plate had a base circumference of 25 mm and a total height of 20 mm.  At half height 
the circumference was reduced to 20 mm. The reduction allowed the base-plate to be inserted 
into the base of the die press.  Across the surface of the base-plate a 20 mm recess 1.5 mm deep 
with a 60°C dovetailed edge was manufactured to enable the target insert to be positioned in the 
base-plate.  Two centering pins separated by 30 mm were used to repeatedly position the target 
as shown in Figure 3.5.  When the target insert was mounted in the base-plate the surface of 
target slightly protrudes from the base-plate. 
 
The plunger-die had a total height of 30 mm.  A lip was manufactured to 10 mm of that height 
and had a circumference of 25 mm.  The circumference was reduced to 20 mm for the remaining 
height allowing the plunger-die to be inserted into the top of the die press.  The base surface of 
the plunger-die was polished optically flat to ensure no surface imperfections in the die were 
transferred to the CF-PE film during fabrication. 
 
(A) 
(B) 
(C) 
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Figure 3.5 AutoCAD drawings of the base-plate for fabrication device (top view and side views are 
shown in solid and wire forms. 
 
In order to monitor the temperature of the CF-PE film within the pressing device, a 1.5 mm 
diameter hole was drilled 8 mm from the edge to within millimetres of the highly polished 
surface, allowing an insulated thermocouple wire (J thermocouple) to be inserted.  The 
insulated thermocouple wire was connected to an in-house built heat controller with digital 
temperature display allowing the temperature within the device to be constantly surveyed 
throughout the fabrication process. 
 
The process of film fabrication was performed under reduced pressure to prevent air and water 
inclusions in the film.  The centre of a Perkin-Elmer die press is the central component in the 
fabrication device as it provides a vacuum port for a vacuum to be applied. 
 
A rotary vacuum pump (EDM2, Model No 06819) fitted with a foreline trap and oil mist filter 
(Model No 12VMKI) was used to supply vacuum to the fabrication device.  Vacuum tubing (1 
meter) was attached to the bottom of the T-piece arm mounted on the edge of the laboratory 
bench and then to the vacuum pump.  A 200 mm length of rubber vacuum tubing was attached 
to the side arm of the T-piece allowing vacuum to be supplied to the fabrication device.  A 
thermal-conductivity vacuum gauge was connected to the top of the T-piece arm and then to the 
first port of a two port Edwards controller allowing the vacuum to be continually monitored 
throughout the fabrication process. 
 
Unless otherwise stated all vacuum equipment was purchased from Edwards High Vacuum, BOC 
Ltd., Crawley, England and all vacuum fixtures were fitted with Viton ‘O’ ring compression 
vacuum fittings. 
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3.4.2  Sample preparation  
 
The fabrication protocol used throughout the course of this study to bond the CF-PE film to the 
surface of the target inserts is described in Section 3.4.3.  Prior to fabrication, the CF-PE film and 
target inserts underwent a preparation protocol to minimise the presence of any oils, organic 
material or dust from their surfaces that may have interfered with the fabrication process. 
 
The target inserts (Section 2.3) were placed into a solution of dichloromethane (BDH, VWR 
International Ltd. – Poole, Dorset, England, CAS No S75-09-2) and then into an ultrasonic bath 
for 10 minutes.  After sonication, all targets were dried with lint free tissues. 
 
The pre-cut CF-PE films (20 mm x 22 mm, from Section 3.3) were placed into a solution of HPLC 
grade methanol (OmniSolv, EM Science, Gibbstown, New Jersey, U.S.A., CAS No 67-56-1) and 
then into an ultrasonic bath for 10 minutes.  The CF-PE film was carefully removed from the 
solution using tweezers and dried with lint free tissues. 
 
3.4.3  Fabrication protocol  
 
Figure 3.5 shows how the clean target insert slid into the recess of the base-plate until the first 
positioning pin was reached.  Once located, the second positioning pin was screwed into place.  
The centre of the fabrication device was then attached to the base-plate.  The pre-cut CF-PE film 
was positioned over the target inserts using a 50 μm stainless steel shim as a mask.  The 
plunger-die was then lowered into position. 
 
The fabrication device was placed onto the centre of a standard hot-plate (Industrial Equipment 
& Control Pty. Ltd), vacuum tubing was then attached to the vacuum port extending from the 
centre of the fabrication device.  The device was evacuated (using the setup outlined in Section 
3.4.1) and the pressure within was monitored throughout fabrication.  A thermal insulating 
separation plate and a weight (ca. 10 kg, not shown in Figure 3.6) were placed on top of the 
fabrication device providing adequate pressure for fabrication.  The insulating plate prevented 
the conduction of heat from the device to the metal weight during the fabrication process. 
 
An insulated thermocouple wire (J thermocouple) was then positioned into the plunger-die.  
The thermocouple wire was attached to an in-house built thermometer with a digital display 
allowing the temperature within the device to be monitored.  Positioned on the hot plate 1.5 cm 
from the fabrication device was a ceramic type J thermocouple connected to a digital display 
thermometer (Digi-Sence DualLog Eutech Instruments Pty. Ltd CYPTE-E-8528), as shown in 
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Figure 3.6.  This was used to monitor the temperature of the hot-plate and allowed adjustment 
of the hot-plate so as to minimise variations between the hotplate and the fabrication device.  
The hot-plate was switched to 3.5 on the dial and measurements were recorded periodically 
until a device temperature of 110˚C was achieved and the hotplate was switched off.  The 
maximum temperature the device reached during fabrication was 135°C, before cooling to room 
temperature. 
 
Once room temperature was achieved, the vacuum was vented and the weight and the 
thermocouple removed from the fabrication device.  The plunger lid was also removed and the 
center was detached from the base-plate allowing the shim to be removed.  One of the centering 
pins was removed from the base-plate allowing the target inserts to be carefully slid from the 
base-plate. 
 
 
Figure 3.6 Fabrication set-up used to bond the CF-PE film to the target insert. 
 
3.4.3.1  Spacing material 
 
Using the fabrication protocol outlined in Section 3.4.3, the CF-PE film was initially found to be 
inadequately bonded to the target inserts, but frequently adhered to the highly polished 
plunger-die.  This phenomenon may have occurred, because the more highly polished surface of 
the die gave greater initial surface contact and resulted in preferential bonding.  To ensure the 
CF-PE film adhered to the surface of the target insert rather than the die, an inert non-stick 
spacing material was placed between the CF-PE film and the plunger-die.  
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Polytetrafluoroethylene (PTFE) is chemically inert and solvent resistant and has traditionally 
been used as a non-stick surface.  These properties made it an ideal material to place between 
the CF-PE film and the plunger-die to prevent bonding to the plunger-die.  PTFE films 75 µm 
thick were available and used in this study.  The PTFE films were cut to size (circumference 30 
mm) and placed between the plunger-die and the film surface.  The resulting CF-PE film was 
well bonded to the target surface and appeared to be flat to the naked eye. 
 
The surface morphology of the bonded CF-PE film was further examined by SEM (using the 
same conditions outlined in Section 3.3.1.1).  Inspection of the micrographs revealed that the 
film was not flat, but rippled (as shown in Figure 3.7).  To ascertain if this was an artifact of the 
fabrication process the PTFE film was also analysed by SEM.  The PTFE film was carefully 
mounted onto an aluminum stub using double sided adhesive carbon tape and sputter coated 
with gold for 60 seconds at 0.016 mA (Ar plasma) using a SPI-Module Sputter Coater (SPI 
Supplies Division of Structure Probe, Inc).  SEM micrographs of the PTFE film (not shown) 
revealed that its surface was also rippled.  It was concluded that the ripples in the PTFE film 
were a product of the films extrusion process, and were subsequently transferred to the CF-PE 
film during the fabrication process. 
 
MALDI-TOF mass spectrometric analysis using the ‘rippled’ CF-PE film target insert was 
performed.  The insert was positioned into the modified MALDI target and the standard protein 
mixture (1046 – 2465 Da, Table 2.1) was applied to the film’s surface using the dried droplet 
method (Section 2.2.6.2) in array across the surface.  The MALDI-TOF mass spectrum was 
recorded as described in Section 2.2.7.1 and is shown in Figure 3.8.  Deviations in mass accuracy 
of 0.5 – 1.5 Da were observed for all standards (section expanded in Figure 3.8).  Those 
deviations indicate that the diminutive surface ripples shown in the SEM micrographs produced 
significant variation in the acceleration point for TOF analysis. 
 
Several alternative non-stick media were investigated including: silicon wafers, glass, overhead 
transparency films, 2 cm thick PTFE (Teflon, DuPont, Australia, Ltd.), and polyethylene 
terephthalate (PET) (Mylar, DuPont™, Australia, Ltd.).  Of those examined, only PET (trade 
named Mylar) maintained the surface integrity of the CF-PE film bonded to the target insert as a 
flat plane (see Figure 3.12).  Mylar was used from here on in as the spacing material, and a full 
assessment of the bonded CF-PE films morphology and mass accuracy are discussed in detail in 
Section 3.5. 
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Figure 3.7 SEM micrograph of the CF-PE film bonded to the target inserts using PTFE as the spacing 
material. 
 
 
 
 
Figure 3.8 The obtained MALDI mass spectrum of standard protein mixture obtained using the CF-
PE film bonded to the target inserts using PTFE as the spacing material.  Expanded peak 
is Angiotensin II. 
  
(B) 
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Figure 3.9 Final design of fabrication device  
(A) Photograph of positioning the CF-PE film and Mylar film  
(B) Photograph of the manufactured fabrication device, and 
(C) Exploded AutoCAD drawing (side view) of the components used to fabricate the CF-PE         
film to the target insert surface. 
Plunger-die 
Base-plate  
Centering screws 
Interchangeable MALDI target 
CF-PE film 
 Spacing material - Mylar 
Centre of a Perkin-Elmer die press  
Thermocouple (position hole) 
(A) 
(C) 
(B) 
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Photographs of the manufactured fabrication device (Section 3.4.1) and positioning the CF-PE 
film and Mylar film with the fabrication device are shown in Figure 3.9 together with an 
exploded AutoCAD drawing containing all components of the fabrication device used 
throughout this thesis to bond the CF-PE film to the target insert. 
 
A minor refinement to the fabrication protocol was required as the softness of aluminium, 
resulted in scratches and other surface imperfections (indentations) occurring on the highly 
polished surface after repeated use.  Imperfections of this nature affect the uniformity of the 
film and therefore the mass accuracy obtained when analysed by MALDI-TOF MS.  To eliminate 
surface imperfections, a polished scratch free stainless steel disk was manufactured (20 mm in 
diameter, 5 mm thick) was placed on top of the Mylar film then the aluminium plunger-die was 
lowered into position.  The stainless steel was found to be sufficiently robust and the any 
imperfections were easily buffed out leaving an optically flat surface ideal for film fabrication. 
 
 
3.5  MALDI assessment of bonded CF-PE films 
 
To assess the effectiveness of the bonded CF-PE films to the target insert as a surface medium, 
the matrix-analyte-surface interactions were investigated.  The standard protein mixture (1046 
– 2465 Da, Table 2.1) was applied to the film surface using the dried droplet method (Section 
2.2.6.2).  The crystallisation morphology of the matrix-analyte deposited on the film was 
examined using a Philips XL30 SEM (FEI Company,  U.S.A.), and the resulting micrographs are 
shown in Figure 3.10. 
 
     
 
 
Figure 3.10 SEM micrographs of dried droplet matrix-analyte crystals on CF-PE bonded target insert 
(fabricated using Mylar as the spacing material). 
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The matrix crystals observed on the CF-PE film (Figure 3.10) were similar in size (ca. 10 µm) to 
those created on the stainless steel (316 grade) 26-spot MALDI target (Figure 2.3 A-C) using the 
dried droplet technique.  The matrix-analyte crystals were, however, more densely distributed 
on the CF-PE film surface.  Higher crystal surface density often results in improved signal-to-
noise and better sensitivity [38].  To assess this, MALDI-TOF mass spectra were acquired. 
 
The target insert was positioned within the modified MALDI target and MALDI-TOF mass 
spectra were recorded as described in Section 2.2.7.1 and are shown in Figure 3.11(A).  No 
deviations in mass accuracy were observed (insert in Figure 3.11).  This confirmed the surface 
integrity of the bonded CF-PE film.  To further assess the quality of the mass spectra obtained, 
PSD analysis was performed. 
 
For PSD measurements, the instrument was calibrated using the known fragment masses of the 
adrenocorticotropic hormone (ACTH) 18-39 clip (Section 2.2.7.2).  Prior to PSD analysis, the 
molecular ion of the peptide of interest (Angiotensin II, 1046 Da) was isolated from other 
peptide ions using the FastPulse option.  PSD spectra were acquired in segments from 20 kV to 
1.04 kV, (refer to Appendix 1 for complete voltage list).  The spectra shown in Figure 3.11 (B) 
are the results of the accumulation of 250 laser shots converted into a contiguous PSD spectrum 
with the Bruker FAST software. 
 
The average threshold laser intensities required for the effective desorption from the CF-PE film 
bonded to the target insert was 15 % lower than those required for the stainless steel MALDI 
target.  This is consistent with the degree of fragmentation observed in the spectra obtained 
from the CF-PE bonded target insert.  At lower laser fluences less kinetic energy is transferred 
to the peptide molecular ion during the desorption process leading to narrower peaks and 
increased mass resolution.  Ions that acquire less energy during the desorption process tend to 
fragment less than those with higher internal energies.  These results are consistent with those 
previously reported by Worrall, Cotter and Woods [28] who reported MALDI mass spectra of 
peptides and proteins loaded onto polyethylene membranes.  These authors postulated that the 
membrane reduced the internal energy of samples, allowing greater sensitivity and mass 
resolution for all samples than desorption from a stainless steel surface. 
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Figure 3.11 The MALDI mass spectrum obtained using Mylar as the spacing material to bond the CF-
  PE to the target insert (A-B) and a standard stainless steel MALDI target (C). 
(A) Standard peptide mixture (dried droplet application) CF-PE bonded target insert.     
Insert shows the expanded Angiotensin II peak. 
(B)  PSD of Angiotensin II desorbed from the CF-PE bonded target insert. 
(C) PSD of Angiotensin II desorbed from the standard stainless steel target. 
 
In summary, the MALDI mass spectra obtained using the CF-PE target inserts were equivalent to 
the standard MALDI target spectra in terms of mass accuracy and resolution.  Moreover, the PSD 
spectra of the CF-PE target spectra showed reduced fragmentation consistent with the reduced 
laser fluences required for effective desorption. 
 
(A) 
(B) 
(C) 
3.  Selection of surface material and fabrication of target inserts 
 
 
85 | P a g e  
 
3.6   References 
 
1. Hutchens T.W. and Yip T.-T. 1993. New desorption strategies for the mass spectrometric 
analysis of macromolecules. Rapid Communications in Mass Spectrometry. 7: 576-580. 
2. Ching J., Voivodov K.I. and Hutchens T.W. 1996. Surface Chemistries Enabling 
Photoinduced Uncoupling/Desorption of Covalently Tethered Biomolecules. Journal of 
Organic Chemistry. 61: 3582-3583. 
3. Voivodov K.I., Ching J. and Hutchens T.W. 1996. Surface arrays of energy absorbing 
polymers enabling covalent attachment of biomolecules for subsequent laser-induced 
uncoupling/desorption. Tetrahedron Letters. 37: 5669-5672. 
4. Tang N., Tornatore P. and Weinberger S.R. 2004. Current developments in SELDI affinity 
technology. Mass Spectrometry Reviews 23: 34-44. 
5. Seibert V., Wiesner A., Buschmann T. and Meuer J. 2004. Surface-enhanced laser 
desorption ionization time-of-flight mass spectrometry (SELDI TOF-MS) and 
ProteinChip technology in proteomics research. Pathology – Research and Practice. 200: 
83-94. 
6. Han M. and Sunner S. 2000. An activated carbon substrate surface for laser desorption 
mass spectrometry. Journal of the American Society for Mass Spectrometry. 11: 644-649. 
7. Xiao Y., Retterer S.T., Thomas D.K., Tao J.-Y. and He L. 2009. Impacts of Surface 
Morphology on Ion Desorption and Ionization in Desorption Ionization on Porous 
Silicon (DIOS) Mass Spectrometry. Journal of Physical Chemistry. 113: 3076-3083. 
8. Vallant R.M., Szabo Z., Trojer L., Muhammad N., Matthias R., Huck C.W., Bakry R. and 
Bonn G.K. 2007. A new analytical material-enhanced laser desorption lonization 
(MELDI) based approach for the determination of low-mass serum constituents using 
fullerene derivatives for selective enrichment. Journal of proteome research. 6: 44-53. 
9. Trojer L., Stecher G., Feuerstein I. and Bonn. G.K. 2005. Cu(II)-loaded iminodiacetic acid-
silica particles for protein profiling of human serum samples using surface-enhanced 
affinity capture: support porosity effects. Rapid communications in mass spectrometry. 
19: 3398-3404. 
10. Isabel F., Muhammad N., Matthias R., Lukas T., Rania B., Hidayat A.N., Günther S., Huck 
C.W., Günther B., Helmut K., Georg B. and Andras G. 2006. Material-enhanced laser 
desorption/ionization (MELDI)-a new protein profiling tool utilizing specific carrier 
materials for time of flight mass spectrometric analysis. Journal of the American Society 
for Mass Spectrometry. 17: 1203-1238. 
3.  Selection of surface material and fabrication of target inserts 
 
 
86 | P a g e  
 
11. Najam-ul-Haq M., Rainer M., Huck C., Stecher G., Feuerstein I., Steinmüller D. and Bonn G. 
2006. Chemically modified ultranano crystalline diamond layer as Material enhanced 
laser desorption ionisation (MELDI) surface in cancer diagnosis. Current Nanoscience. 2: 
1-7. 
12. Hashir M.A., Stecher G., Bakry R., Kasemsook S., Blassing B., Feuerstein I., Abel G., Popp 
M., Bobleter O. and Bonn G.K. 2007. Identification of carbohydrates by matrix-free 
material-enhanced laser desorption/ionisation mass spectrometry. Rapid 
communications in mass spectrometry  21: 2759-2769. 
13. Sunner J., Dratz E. and Chen Y.C. 1995. Graphite surface-assisted laser 
desorption/ionization time-of-flight mass spectrometry of peptides and proteins from 
liquid solutions. Analytical Chemistry. 67: 4335-4342. 
14. Tanaka K., Waki H., Ido Y., Akita S., Yoshida Y., Yoshida T. and Matsuo T. 1998. Protein 
and polymer analyses up to m/z 100 000 by laser ionization time-of-flight mass 
spectrometry. Rapid Communications in Mass Spectrometry. 2: 151-153. 
15. Dale M.J., Knochenmuss R. and Zenobi R. 1996. Graphite/Liquid Mixed Matrices for 
Laser Desorption/Ionization Mass Spectrometry. Analytical Chemistry. 68: 3321-3329. 
16. Kalkan A.K. and Fonash S.J. 2003. Carbon/Nafion® Nanocomposite Thin Films as 
Potential Matrix-Free Laser Desorption-Ionization Mass Spectroscopy Substrates. 
Material Research Society Symposium Proceedings. 788: 595-600. 
17. Hopwood F.G., Michalak L., Alderdice D.S., Fisher K.J. and Willett G.D. 1994. C60-assisted 
laser desorption/ionization mass spectrometry in the analysis of phosphotungstic acid. 
Rapid Communications in Mass Spectrometry. 8: 881-885. 
18. Alimpiev S., Nikiforov S., Karavanskii V., Minton T. and Sunner J. 2001. On the 
mechanism of laser-induced desorption-ionization of organic compounds from etched 
silicon and carbon surfaces. Journal of Chemical Physics. 115: 1891-1901. 
19. Tang H.-W., Ng K.-M., Lu W. and Che C.-M. 2009. Ion Desorption Efficiency and Internal 
Energy Transfer in Carbon-Based Surface-Assisted Laser Desorption/Ionization Mass 
Spectrometry: Desorption Mechanism(s) and the Design of SALDI Substrates. Analytical 
Chemistry. 81: 4720-4729. 
20. Park K.-H. and Kim H.-J. 2001. Analysis of fatty acids by graphite plate laser 
desorption/ionization time-of-flight mass spectrometry. Rapid Communications in Mass 
Spectrometry. 15: 1494-1499. 
21. Strupat K., Karas M., Hillenkamp F., Eckerskorn C. and Lottspeich F. 1994. Matrix-
Assisted Laser Desorption Ionization Mass Spectrometry of Proteins Electroblotted after 
Polyacrylamide Gel Electrophoresis. Analytical Chemistry. 66: 464-470. 
3.  Selection of surface material and fabrication of target inserts 
 
 
87 | P a g e  
 
22. Mock K.K., Sutton C.W. and Cottrell J.S. 1992. Sample immobilization protocols for 
matrix-assisted laser-desorption mass spectrometry. Rapid Communications in Mass 
Spectrometry. 6: 233-238. 
23. Zalukec E.J., Gage D.A., Allison J. and Watson T.J. 1994. Direct Matrix-Assisted Laser 
Desorption Ionization Mass Spectrometric Analysis of Proteins Immobilized on Nylon-
Based Membranes. Journal of the American Society for Mass Spectrometry. 5: 230-237. 
24. Botting C.H. 2003. Improved detection of higher molecular weight proteins by MALDI-
TOFMS on polytetrafluoroethylene surfaces. Rapid Communications in Mass 
Spectrometry. 17: 598-602. 
25. Worrall T.A., Cotter R.J. and Woods A.S. 1998. Purification of Contaminated Peptides and 
Proteins on Synthetic Membrane Surfaces for Matrix-Assisted Laser 
Desorption/Ionization Mass Spectrometry. Analytical Chemistry. 70: 750-756. 
26. Caprioli R.M., Farmer T.B. and Gile J. 1997. Molecular Imaging of Biological Samples:  
Localization of Peptides and Proteins Using MALDI-TOF MS. Analytical Chemistry. 69: 
4751-4760. 
27. Chaurand P., Stoeckli M. and Caprioli R.M. 1999. Direct profiling of proteins in biological 
tissue sections by MALDI mass spectrometry. Analytical Chemistry. 71: 5263-5270. 
28. Chaurand P., Cornett D.S. and Caprioli R.M. 2006. Molecular imaging of thin mammalian 
tissue sections by mass spectrometry. Current Opinion in Biotechnology. 17: 431-436. 
29. Lee J.H. and Lee H.B. 1993. A wettability gradient as a tool to study protein adsorption 
and cell adhesion on polymer surfaces. Journal of Biomaterials Science, Polymer Edition. 
4: 467-481. 
30. Zheng Z., Tang X., Shi M. and Zhou G. 2003. A study of the influence of controlled corona 
treatment on UHMWPE fibres in reinforced vinylester composites. Polymer 
International. 52: 1833-1838. 
31. Šíra M., Trunec D., Stahel P., Buršíková V., Navrátil Z. and Buršík J. 2005. Surface 
modification of polyethylene and polypropylene in atmospheric pressure glow 
discharge. Journal of Physics D: Applied Physics. 38: 621-627. 
32. Reich L. and Stavala S.S., 1971. Elements of Polymer Degradation. New York: McGraw-
Hill. 186 pp. 
33. McNiell I.C. 1997. Thermal degradation mechanisms of some addition polymers and 
copolymers. Journal of Analytical and Applied Pyrolysis. 40-41: 21-41. 
34. Kodera Y. 2002. Distribution Kinetics of Polymer Thermogravimetric Analysis:  A Model 
for Chain-End and Random Scission. Energy and Fuels. 16: 119-126. 
3.  Selection of surface material and fabrication of target inserts 
 
 
88 | P a g e  
 
35. Amarasinghe G., Chen F., Genovese A. and Shanks R.A. 2003. Thermal memory of 
polyethylenes analyzed by temperature modulated differential scanning calorimetry. 
Journal of Applied Polymer Science 90: 681-962. 
36. Shanks R.A. and Amarasinghe G. 2000. Crystallisation of blends of LLDPE with branched 
VLDPE Polymer. 41: 4579-4587  
37. Konig S. 2008. Target coatings and desorption surfaces in biomolecular MALDI-MS. 
Proteomics. 8: 706-714. 
38. Cohen S.L. and Chait B.T. 1996. Influence of Matrix Solution Conditions on the MALD-MS 
Analysis of Peptides and Proteins. Analytical Chemistry. 68: 31-37. 
4.  Modifications to the target surface  
 
 
89 | P a g e  
 
 
4 
Modifications to the target surface 
 
 
The results obtained in Chapter 3 have demonstrated an effective method for bonding the 
CF-PE film to the target insert resulting in high quality mass spectra to be routinely 
obtained for standard peptide/protein mixtures.  Protein adsorption is a nonspecific event 
that arises from solvent-protein interactions that provide an energetic basis to drive 
proteins from solution [1].  The choice of a non-polar target surface (CF-PE film) and the 
tailoring of its surface chemistry to produce a continuous spectrum of surface energies 
may assist in the separation of proteins on-target.  To our knowledge, no such surface has 
previously been described in conjunction with MALDI-TOF mass spectrometry. 
 
This chapter details the design and manufacture of several devices to enable the controlled 
exposure of the CF-PE film to modifying agents which could tailor the surface properties to 
provide a range of surface hydrophobicity/hydrophilicity.  The experiments detailed here 
within have resulted in the protocols adopted throughout the course of this study and 
have enabled the presentation of standard peptide/proteins for MALDI-TOF mass 
spectrometric analyses based on their interaction with the CF-PE film surface.  The 
MALDI-TOF experimental results are reported in Chapter 5. 
 
 
 4.1  Surface gradients and the techniques employed 
 
The gradual change in chemical and physical properties along a surface length is termed a 
surface gradient.  This concept was first described by Elwing and co-workers [2,3] who 
reported a method to systematically study how surface chemistry affects adsorption and 
protein exchange using a wettability gradient.  The formation of wettability gradients 
using this technique was, however, restricted to hydrophilic inorganic substrates such as 
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silicon, silica, quartz or glass.  Generally, hydrophobic surfaces are considered to be more 
protein-adsorbent than hydrophilic surfaces because of the strong hydrophobic 
interactions occurring at the surfaces [4]. 
 
Surface gradients using polar and non-polar surfaces alike have been utilized in a wide 
range of applications and a diverse range of techniques have been used to create the 
surface gradients [5].  Amongst the most common are: electrochemical potential gradients 
[6], photoinitiated coupling reactions [7,8], photolithographic [9], irradiation with ionising 
and UV radiation [10], corona discharge [11], plasma treatments [12,13], ozone 
treatments [14], contact printing [15] and, more recently, microfluidic devices [16,17].  
This thesis explores the use of two photomodification techniques, laser exposure and 
corona discharge exposure, to tailor the surface properties of the CF-PE film bonded to the 
target insert. 
 
 
4.1.1  Laser photomodification 
 
Tailoring the surface property of a polyolefin film has become an important and 
challenging area of science [18,19].  Bond breaking at surfaces has long been believed to 
be based on two distinct mechanisms.  In the “electronic” mechanism, the bond is broken 
when a source of energy induces a transition from a bound electronic state to an unbound 
state.  The second, a “thermal” mechanism, involves putting enough energy into a specific 
vibrational mode that a chemical bond breaks and desorption occurs. 
 
Excimer laser irradiation can be used to generate modification of the polyolefin surface at 
the irradiated regions [20].  This occurs as photons interact with the polyolefin surface 
resulting in the occurrence of photothermal and/or photochemical processes.  
Photothermal processes produce heat in the sample and photochemical processes exist 
where the UV photon energy is comparable with the chemical bond breaking energy [21].  
A range of lasers and their associated wavelengths and photon energies are shown in 
Figure 4.1.  This knowledge is useful when selecting a suitable laser for a particular 
polymer.  In the CF-PE film chosen for this study, the hydrocarbon backbone possesses 
CC and CH bonds with characteristic bond energies of 3.6 eV and 4.3 eV respectively.  In 
order for a single photon to break the bond, the photon must have energy greater than 
this. 
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Figure 4.1 Laser wavelength (lower scale) and corresponding photon energy (upper scale) of 
the different excimer lasers [reproduced from reference 22].  
 
It was initially planned to use an excimer ArF laser operating at 193 nm (6.43 eV).  The 
photon energy of an ArF laser is sufficient to directly break any bond within the CF-PE 
polymer chain, thereby creating active sites on the surface.  Oxygen molecules in the 
vicinity of the surface can interact with the active sites, modifying the surface without 
affecting the bulk properties of the polymer [23].  Unfortunately, sudden and unforseen 
budgetary constraints precluded the purchase of an ArF or other higher power laser and a 
UV nitrogen laser was used instead. 
 
Nitrogen lasers operate at 337 nm.  The photon energy is 3.68 eV which is barely sufficient 
to break the CC bond (3.6 eV) and insufficient to directly break the CH bond (4.3 eV).  
The pulsed nature of the nitrogen laser can however be optimised to produce shorter, 
more intense laser pulses provoking bond breaking via multiphoton absorption.  This 
process occurs when two or more photons are absorbed by an atom simultaneously (or 
within less than a nanosecond), mimicking the effects of the absorption of a higher energy 
photon [24].  In order for multiphoton absorption to become an efficient process the 
nitrogen laser must have a high peak intensity (short pulse duration) and be tightly 
focused. 
600 200 300 400 100 500 
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It was the intention of this study to tailor the surface wetting properties of the CF-PE.  The 
laser treatment equipment used in this study consisted of a nitrogen laser and a reaction 
cell where the laser and reactive gas (oxygen) could interact with the CF-PE film bonded to 
the target insert.  Details of these components and associated apparatus are given in 
Section 4.1.1.2. 
 
 
4.1.1.1  Laser treatment apparatus 
 
All parts, unless otherwise stated were purchased from Newport, Irvine, CA, U.S.A, and 
mounted using M6 black oxide coated socket-head thumbscrews.  All parts are tabulated 
in Appendix 2 and shown in Figure 4.2.   
 
A 4 ns pulse nitrogen laser (Spectra Physics) pulsed at 337 nm in the UV (beam size of 3 
mm x 7 mm) with a pulse energy of 150 µJ, a peak power of 36 kW, and an average power 
of 3 mW at 20 Hz was purchased for this study.  The laser was triggered externally by an 
in-house built 24 V DC power supply.  The power supply was coupled to a wave generator 
(Wavetek 162 Function Generator, ValueTronics International, Inc., Elgin, IL, U.S.A.) 
allowing the pulse repetition rate to be optimised.  The pulse output from the wave 
generator was monitored using an oscilloscope (Telequipment). 
 
A BenchTop compact isolation platform provided a stable workbench for mounting the 
laser, laser optics and motion control system.  At one end of the platform a lab jack (243 
mm x 164 mm) with a 5 x 8 grid of M6 mounting holes 25 mm apart was mounted.  The 
nitrogen laser was secured onto the lab jack using two position pins.  The jack allowed for 
fine adjustment in the vertical direction ensuring precise alignment of the laser beam path.  
 
An iris and UV fused silica plano-concave lens in a lens holder were mounted on 50 mm 
posts in 50 mm post holders secured to the isolation platform 50 mm and 100 mm 
respectively from the lab jack.  The aperture of the iris was closed to 3 mm diameter.  Both 
the iris and lens post heights were adjusted to optimum height for the laser beam to pass 
through. 
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Figure 4.2 Photographs of laser apparatus.  Side view of apparatus (top) and the top view of the 
motion controller and reaction cell are shown (bottom).  Refer to Appendix 3 for AutoCAD 
drawings of the reaction cell design. 
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To refocus the laser beam onto the target insert surface, a mirror and second iris were 
mounted on 100 mm posts.  These were positioned in 50 mm and 100 mm post holders 
respectively attached to flat rail carriers.  The flat rail carriers were positioned on a 150 
mm mini rail mounted vertically on a 360-30 angle bracket secured to a modular riser 
secured to the isolation platform (Figure 4.2).  The second iris was closed to 100 m and 
positioned ca. 50 mm from the target insert surface.  The mirror was aligned with the laser 
beam path and refocused to the desired position on the target insert surface.  The nitrogen 
laser beam was focused to 50 m spot size, using a 200 mm focal length. 
 
To enable the laser beam to raster over the surface of the CF-PE film bonded to the target 
insert, an X-Y motorised stage was assembled on the isolation platform.  Two 50 mm 
translation stages were fitted with motorised linear actuators.  One was secured to the 
isolation platform, the other was mounted on top of the first creating independent X- and 
Y- motions.  The actuators were connected to ESP300 X-Y motion controller and the entire 
system was operated by a LabVIEW software program (National Instruments, Austin, TX, 
U.S.A.) which controlled the motion sequences and dwell times. 
 
An L-bracket was designed and manufactured to ensure that the reaction cell was 
reproducibly positioned under the laser beam.  The L-bracket was manufactured in the 
Applied Physics workshop of RMIT University from anodised stainless steel.  A spring 
loading mechanism was designed to secure the reaction cell routinely into position.  At the 
opposite end two tapered positioning holes were manufactured that coincided with the 
mounting holes on the translation stage.  The L-bracket was affixed to the translation stage 
using two screws. 
 
An optimal environment was required for the laser to treat the surface of the CF-PE film 
effectively.  An open top quartz cell 3 mm thick (40 mm x 20 mm i.d., Starna Pty Ltd.) was 
available and used as a reaction cell in this study.  A lid for the cell was manufactured from 
Teflon and provided an inlet and outlet for oxygen gas [oxygen (49.25%) nitrogen balance, 
Coregas] to flow over the target insert.  The target insert was secured in a sample holder.  
The reaction cell was placed on its side and the target insert holder was positioned in the 
cell and the lid, now acting as the side wall, was put in place.  The reaction cell was secured 
in the L-bracket as shown in Figure 4.2. 
 
To prevent the possibility of injury due to reflections of the laser beam, a clear acrylic 
cover (70 cm x 58 cm x 40 cm) was fitted over the isolation platform and enclosed the 
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optical path.  A safety interlock was affixed to the door to ensure that the beam was shut 
down when the door was opened.   
 
 
4.1.1.2  Treatment protocol 
 
Using the equipment described in Section 4.1.1.1 the target insert with the bonded CF-PE 
film (Section 3.4.3) was secured in the sample holder and placed in the quartz cell which 
was then sealed with the Teflon lid.  The reaction cell was positioned in the L-bracket 
using the spring loaded mechanism.  Tygon tubing (5 mm i.d.) connected the oxygen gas 
cylinder to the inlet port on the Teflon lid.  Gas flowed into the cell at 20 mL.min-1 and then 
out through outlet port via Tygon tubing. 
 
The position of the nitrogen laser beam was optimised to ensure that the beam maximum 
was centred through the optics and the resulting spot size was 50 m.  The laser beam was 
focused in the top right hand corner of the target insert and rastered across the surface of 
the CF-PE film using a custom written LabView (National Instruments, U.S.A.) program 
controlling the X-Y motion controllers via a GPIB-IEE-488 bus connection on a standard 
Windows PC computer system. 
 
Before the program was initiated, the power supply triggered the laser and the pulse 
duration was set to ten pulses per second.  The laser travelled 21 mm (in the Y-direction) 
and was then moved 25 m down from the previous path (in the X-direction) and scanned 
in a parallel direction back to zero.  This process was repeated until 2 mm in the X-
direction was reached.  This represented one cycle.  This travel distance coincided with the 
dimensions of the sample delivery device described in Chapter 5. 
 
The cycle (defined above) was repeated until the desired treating level was obtained.  
Treating times ranged from 1 to 72 hours and the scanning speeds for both X-Y motion 
controllers were 0.25 mm.sec-1.  All programs used in this study together with the 
schematics of the custom written Labview 6.0 software interface, can be found in 
Appendix 4. 
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4.1.1.3  Assessment of laser treated surfaces 
 
Using the pulsed nitrogen laser it was anticipated that as the laser rastered back-and-forth 
along the surface of the CF-PE film, multiphoton absorption (described in Section 4.1.1) 
would occur resulting in the rupture of the CH bond.  This would provide an active site 
where the oxygen molecules from the bath gas could react thereby resulting in oxygen-
containing polar functional groups. 
 
Although it was theoretically feasible for a combination of photochemical and 
photothermal mechanisms to occur, the former were not observed as indicated by the 
FTIR-ATR spectra shown in Figure 4.3(A).  Details of the FTIR-ATR methodology are given 
in Section 4.2.2.3.  Even after prolonged exposure (24 hrs, 36 hrs and 72 hrs) no bands 
corresponding to hydroxyl, ether or carbonyl groups were observed.  Moreover, after 
prolonged exposure, visual inspection of the surface indicated that the surface 
morphology may have been damaged.  To ascertain the nature of the damage, SEM 
(conditions previously described in Section 3.3.1.1) was employed to examine the surface 
of the laser-treated CF-PE film.  The resulting SEM micrographs are shown in Figure 4.3(B) 
together with micrographs of an untreated CF-PE film.  The micrograph of the laser 
treated film (Figure 4.3C) showed that the surface morphology of the film was distorted, 
suggesting that the only effects of this particular laser were photothermal. 
 
It was unfortunate that the photon energy of the nitrogen laser proved inadequate for 
bond breakage since the area affected by laser treatment can be controlled with 
submillimeter precision. This would have enabled the creation of both a homogeneously 
modified surface (constant exposure over the CF-PE surface) or, more ambitiously, the 
creation of a surface over which the density of oxygen-containing functional groups (and 
thus the polarity) continuously varied depending on the length of exposure. 
 
However, this method can serve as a model for any future experiments for those who own 
a laser with a higher photon energy. 
 
Corona discharge was investigated as an alternative surface modification technique. 
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Figure 4.3   
 
FTIR-ATR spectra of the CF-PE film before and after prolonged laser exposure 
(24 hrs) are shown in (A) only characteristic of CH stretching and CH bending 
peaks were observed at 2911, 2845, and 1462 cm-1 respectively.  
 
SEM micrographs of the untreated CF-PE film are shown in (B) and the 
prolonged laser exposure (24 hrs) micrographs are shown in (C). 
 
Wavenumber (cm
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4.1.2  Corona discharge surface modification 
 
Since its introduction in the 1950’s, corona discharge treatment has long been used to 
improve the adhesion characteristics of polyolefin films.  This technique affects only the 
chemical and physical properties of the outermost surface layers without altering the bulk 
properties of the polymer film [25].  Unlike the alternative low pressure plasma techniques 
previously mentioned in Section 4.1, corona discharge occurs at atmospheric pressure 
offering a simpler and more practical approach to surface modification [26,27].  For these 
reasons, corona discharge was applied to this study to improve the surface wetting/adhesion 
characteristics of the CF-PE film bonded to the target insert. 
 
Corona discharge is a low energy electrical discharge that occurs between two asymmetric 
electrodes.  Several electrode designs have been reported in the literature.  These include 
point-to-plane electrodes [28], comb-type electrodes [29] and knife-type electrodes [30,31] 
shown in Figure 4.4.  Often one of the electrodes is highly curved.  This ensures a high 
potential gradient, resulting in the generation of the corona in the presence of a neutral fluid, 
usually air.  In the corona there are ions, electrons, excited neutrals and photons.  All of these 
species are capable of transferring sufficient energy to the polymer surface to form radicals 
which may then react rapidly with oxygen to form an oxygen-functionalised surface. 
 
Corona discharge has traditionally been associated with high speed in-line treatment of 
polyolefin films whereby the treatment increases the surface energy of the film to improve 
printability or adhesion properties.  More recently, corona discharge has been used to 
generate a wettability gradient on LD-PE films by Lee and co-workers who systematically 
studied protein adsorption based on surface hydrophilicity/hydropobicity [32,33,30].  Since 
Lee’s study, many groups have reported the use of corona discharge to manipulate surface 
wettability via graft copolymerisation to study protein adsorption/desorption, or cell 
adhesion and proliferation [34-39]. 
 
In this study, a novel electrode was designed and a corona discharge apparatus assembled.  A 
protocol was developed to tailor the surface chemistry of the CF-PE film to possess a 
continuous spectrum of surface energies in an effort to provide an improved surface for 
protein analysis by MALDI-TOF mass spectrometry. 
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Figure 4.4 Schematic diagrams of corona discharge electrodes: (A) point-to-plane (used in the 
polymer industry) [reproduced from reference 28], (B) comb-type (to treat large areas) [reproduced 
from reference 29], and (C) knife-type [reproduced from reference 30]. 
(A) 
(B) 
(C) 
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4.1.2.1  Chemistry of corona discharge treatment  
 
As mentioned previously (Section 4.1.2) corona discharge occurs between two asymmetric 
electrodes in a neutral fluid (air).  The discharge produces a mixture of reactive oxygen 
species including atomic oxygen (either O (3P) or O (1D)), singlet molecular oxygen and ozone 
as well as free electrons.  The recombination of these species leads to the release of energy in 
the form of a blue glow and UV-light.  The corona generally manifests as a uniform plasma 
along the length of the electrode.  However, generation of a momentary spark or a continuous 
arc may occur if the ionised region continues to grow instead of stopping at a certain radius 
from the complete conductive path between the two electrodes.  This phenomenon usually 
damages the polymer surface and results in the formation of low molecular weight oxidised 
materials.  The presence of these materials has also been observed when films have 
undergone prolonged corona discharge exposure [40-42,27]. 
 
The UV photons produced in the corona process possess sufficient energy to break the CC 
and CH bonds found in the hydrocarbon surface. Rupture of these bonds results in the 
formation of highly reactive free radicals which react with oxygen species in the plasma to 
give polymer surfaces containing hydroxyl, carbonyl and carboxyl groups. 
 
Atomic oxygen is a potent oxidising agent.  Kill and co-workers [43], have reported that O (3P) 
and O (1D) attack the polymer hydrocarbon in entirely different ways.  O (3P) will abstract 
hydrogen atoms producing a carbon radical that reacts with the molecular oxygen to form a 
peroxy radical.  The peroxy radical can either pick up a hydrogen or alkyl radical as shown in 
Figure 4.5(A).  The hydroperoxide can then produce ketone, ester or ether functionalities.  On 
the other hand, O (1D) reacts by insertion into polymer chain to form ether groups as shown 
in Figure 4.5(B).  O (1D), however, being a very reactive form of atomic oxygen, is shortlived 
and most of it consequently reacts with gaseous species present, such as molecular oxygen 
and ozone rather than with the polymer surface. 
 
The extent to which the different processes of hydrogen abstraction, atom insertion and bond 
scission dominate, has been reported to be influenced by the discharge conditions, such as the 
nature of the gas, flow rate, power delivered and exposure duration [44]. 
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Figure 4.5 Reaction schemes for (A) hydrogen abstraction by O(3P) and subsequent interaction 
with molecular oxygen produced further oxidation and (B) possible reactions for O(1D) insertion 
[reproduced from reference 43]. 
 
Many electrode designs (Figure 4.4) fill the whole chamber with the reactive gas.  In this 
study, an electrode has been designed to coincide with target insert geometry and provide a 
bath gas around the corona electrode thereby minimising gas consumption.  It is anticipated 
that this design will provide an optimal environment for corona discharge to occur in a 
localised region near the surface of the CF-PE film bonded to the target insert. 
 
4.1.2.2  Corona discharge apparatus  
 
The corona discharge apparatus was assembled using a power generator (HV202, 230VAC), 
transformer (HT200), and counter electrode purchased from Tantac (Lunderskov, Demark).  
The electrode was designed and manufactured within RMIT University and is described in 
detail in Section 4.1.2.2.1.  A motorised actuator (Newport Corp., U.S.A.) controlled by a 
computer through LabView software (National Instruments, U.S.A.) was used to move the 
counter electrode back-and-forth during treatment.  The bath gas used in this study was 
oxygen gas (oxygen (49.25%) nitrogen balance, Coregas).  All of the components were housed 
(A) 
(B) 
4.  Modifications to the target surface  
 
 
102 | P a g e  
 
in a clear acrylic chamber.  A door with the necessary safety interlocks ensured the power was 
shut down when the door was opened. 
 
4.1.2.2.1 In-house electrode design  
 
The electrode used in this study was designed in-house and manufactured in the Applied 
Sciences Workshop within RMIT University.  Several key criteria needed to be addressed 
when designing the electrode.  The first was that the dimensions of the in-house electrode 
needed to be compatible with the dimension of the target insert (Section 2.4).  Second, the 
electrode was required to produce a uniform linear corona under which the target could be 
translated.  Thirdly, it was necessary to ensure electrical contact was maintained between the 
transformer and the in-house electrode.  Finally, the gas flowing around the electrode needed 
to be evenly distributed over the surface of the target insert. 
 
Two blocks 50 mm in length, 10 mm wide and 20 mm in height formed the support for the 
electrode and were manufactured from Teflon and connected by two insulated screws (Figure 
4.6).  To maintain electrical contact with the transformer a circular recess was made in the 
center of two inside faces of the blocks.  From the circular recess, rectangular recesses (30 
mm x 2 mm x 9 mm) were machined, these enabled stainless steel contact plates to be 
positioned within the Teflon blocks.  One of the contact plates was welded to a 1/8 stainless 
steel tubing that fitted securely into the circular recess when the two blocks were screwed 
together. 
 
To enable gas to flow from the tubing into the two blocks a small hole (1 mm diameter) was 
drilled through the 1/8 stainless steel tubing 3 mm above the welded contact plate (Figure 
4.6 C).  In both blocks, a 2 mm hole extending 5 mm into the blocks was drilled to coincide 
with the hole drilled in the 1/8 stainless steel tubing.  In the center of the top face a 3 mm 
hole was drilled 14 mm where it intersected a 3 mm hole drilled across the length of the block 
6 mm from the bottom face.  Gases flowed from the tubing through these channels and then 
through an angular gas distribution manifold (Figure 4.6A).  The 1 mm drill holes were 
separated from one another by 5 mm along the length of the 3 mm chamfer edge on the inside 
of each of the Teflon blocks (Figure 4.6B).  End plugs were used to ensure that gas flow only 
exited the electrode through the gas distribution manifold providing an even distribution of 
gas around the electrode positioned between the two contact plates.  
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Figure 4.6 In house electrode AutoCAD drawings (A-B) and photographs of the manufacture 
electrode (C-D). 
(A) Side view: shows how the gas flows from the stainless steel rod through the electrode. 
(B) Bottom view: shows gas distribution manifold. 
(C) Shows how the contact plates are positioned within the recess in the Teflon blocks. 
(D) Complete in-house electrode. 
 
The highly curved electrode is often the tip of a needle or a piece of small diameter wire.  In 
this study, piano wire (3 mm) was selected as the electrode material due to its tensile strength 
and toughness.  A 50 mm length of piano wire was cut and bent into a U-shape.  The two 
vertical dimensions were ca. 10 mm and the horizontal dimension was ca. 30 mm.  These 
dimensions coincided with those of the contact plates within the Teflon block ensuring the 
piano wire could be secured between the contact plates to create an electrical pathway from 
the transformer. 
 
Contact plates 
Recess for 
contact plate 
Gas flow  
(A) 
(C) 
(B) 
(D) 
Hole to enable gas to 
flow   
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To maintain a continuous electrical pathway from the transformer to the in-house designed 
electrode, a stainless steel T-union fitting (-200-3 Swagelok) was used to house two 1/8 
stainless steel tubes.  One was connected to the in-house electrode via a series of unions and 
tube fittings.  The other was welded to the base of a banana plug housed in a Teflon sleeve 
manufactured to fit the inlet of the transformer.  Several electrical connectors were required 
to attach the electrode to the transformer as shown in Figure 4.7. 
 
 
Figure 4.7 Connector from transformer to electrode. 
 
To provide a stable work-bench for the corona discharge apparatus a wooden platform (350 
mm x 350 mm) was made with positioning pins to secure the acrylic cover (300 mm x 320 
mm x 425 mm) over the counter electrode.  Several holes were drilled into the acrylic cover.  
The one in the left hand side allowed the motion controller to be connected to the counter 
electrode.  A second hole was drilled in the rear of the chamber where a double ended 
Swagelok gas fitting was affixed to the enable gas to flow to the electrode via Tygon tubing (5 
mm i.d.).  A third hole was drilled in the top to secure the transformer to the in-house 
electrode attached over the Tantec counter electrode. 
 
To compensate for the laboratory bench not being level, the legs on Tantec counter electrode 
were modified.  One of the four legs was removed completely and the other was repositioned 
to form a triangle.  To enable the height of the legs to be adjusted to ensure the counter 
electrode was parallel to the in-house electrode anti-vibration stands were manufactured 
from aluminum and screwed into the legs (AutoCAD designs can be found in Appendix 5). 
Standard transformer connector 
Teflon sleeve housing banana plug 
welded to the 1/8 stainless steel tubing  
Electrical connectors 
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Figure 4.8 Photographs of corona discharge apparatus 
 
A sample holder was manufactured from Teflon (190 mm x 40 mm x 8 mm) with a lip at either 
end to enable the holder to be positioned on the Tantec counter electrode.  To enable the 
target insert to be routinely positioned under the in-house electrode, a recess (20 mm wide by 
2 mm deep) with a 60°C dove tail edge along the sides was made in the sample holder, shown 
in Figure 4.8 (insert). 
 
The power generator was connected to the transformer positioned in the acrylic chamber via 
an insulating cable.  Connected to the transformer was the in-house electrode which was 
positioned over the insulating counter electrode where the sample holder containing the 
target insert was positioned.  A wooden jig connected to the counter electrode to a 50 mm 
Power generator 
Transformer 
Anti-vibration stands 
In-house Electrode 
Gas regulator 
Motion controller connected to 
counter electrode  
Sample holder for target insert 
Insulated counter electrode  Wooden jig 
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translation stage fitted with a motorised linear actuator.  This translated the counter electrode 
and the target insert in the sample holder back and forth using an ESP300 motion controller 
operated by a custom written LabView (National Instruments, U.S.A.) program via a GPIB-IEE-
488 bus connection on a standard Windows PC computer system. 
 
Tygon tubing (5 mm i.d.) was used to connect the gas cylinder to the regulator.  Another 
length of tubing connected the regulator to the outer side of the double ended gas fitting 
affixed to the rear of the acrylic cover.  A 10 cm length of tubing attached the gas fitting on the 
inner side to the T-union fitting connecting the transformer to the in-house electrode via the 
1/8 stainless steel rod.  These fittings enabled gas to flow to the electrode. 
 
 
4.1.2.3  Treatment protocol 
 
Using the equipment described in Section 4.1.2.2 a protocol was developed to enable the 
controlled corona discharge exposure of the CF-PE bonded to the target insert.  Several 
parameters were optimised prior to establishing the treatment protocol used throughout the 
course of this study.  These included the distance between the target insert and in-house 
electrode, the bath gas flow rate, stage velocity and the power delivery to the electrode. 
 
Determination of optimal bath gas flow rate and optimal distance between the electrode and 
target insert was found to be vital to maintaining the stability of the corona.  The optimal 
electrode-target distance was determined to be ca. 2.5 cm.  If the distance was less than this, 
the corona degenerated to a spark/arc consequently damaging the surface of the CF-PE film 
(as illustrated in Section 4.1.2.4). 
 
After the minimum ‘safe’ distance was established, the optimal flow rate for the bathing gas 
was determined as the flow rate can influence the type of oxygen functionalities formed [43].  
At high flow rates, oxygen functionalities are likely to the result of hydrogen abstraction, 
whereas at low flow rates, oxygen insertion via the mechanism shown in Figure 4.5 (Section 
4.1.2.1) is more likely.  A series of flow rates were tested from 40 mL.min-1 to 100 mL.min-1 at 
10 mL.min-1 intervals.  During testing it was also established that flow rates influenced the 
stability of the corona.  At low from rates (< 70 mL.min-1) the corona degenerated to a spark.  
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At 90 mL.min-1 a stable corona was observed along the length of the piano wire in the in-
house electrode.  This was established to be the optimal flow rate and was subsequently used 
for all experiments. 
 
The corona from the electrode was discharged at a constant power of 10 watts at 50 Hz.  The 
CF-PE film surface was continuously exposed to the corona while the stage translated back-
and-forth from 0 – 18 mm at 0.25 mm.sec-1 until the desired treating level was achieved.  
Although the CF-PE film bonded to the target insert is 22 mm x 20 mm, a 2 mm wide area was 
left untreated to enable an external calibration mixture to be positioned on the target for 
MALDI-TOF mass spectrometric analysis (discussed in Section 4.3 and Chapter 5).  The 
treating levels used in this study were: 0, 60, 120, 180, 240, 300, 360, 450, 750 and 1000 
watts.  All programs together with the schematics of the custom written Labview 6.0 software 
interface can be found in Appendix 4   
 
After optimal flow and distance parameters were determined, the CF-PE bonded target insert 
was positioned within the sample holder and then onto the counter electrode.  Special care 
was taken to align the target insert under the in-house electrode ensuring the edge of the CF-
PE film was in-line with the piano wire.  Any misalignment resulted in spark/arc to the metal 
surface of the target insert consequently damaging the nearby CF-PE film surface and its 
usefulness in this study.  Any such damage required the CF-PE film to be removed from the 
target surface and fabrication of a new CF-PE target insert using the procedure described in 
Section 3.4.3.   
 
Once the target insert was aligned the door was closed and the gas was turned on.  The power 
generator was turned to the required setting to produce 10 watts, whereby producing a stable 
purple glow along the piano wire, which was slightly brighter at the corners.  Once the corona 
was established the target insert (in the sample holder) and the counter electrode were 
translated back-and-forth under the in-house electrode using the LabView interface and the 
standard program (Appendix 4).  The interface enabled the number of program repetitions to 
be selected, this varied depending on the desired treating level.  Once the program was 
completed, the power generator was turned off followed by the gas.  The door was opened 
and the target insert was removed from the sample holder and stored for subsequent 
evaluation of its surface properties. 
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4.2  Evaluation of surface morphology and chemical structure 
 
Momentary sparks and continuous arcs are a problem with corona discharge treatment since 
they may have a detrimental effect on the surface morphology of the CF-PE film.  Indeed, 
visual inspection of the surface after sparking/arcing indicated that the surface may have 
been damaged.  Fourier transform infrared spectroscopy (FTIR) and SEM techniques were 
employed to ascertain the nature of the damage to the CF-PE film. 
 
FTIR-microscopy surface reflectance measurements have been shown to be useful for 
polymer characterisation [45].  Specular reflection is a mirror-like reflection from the surface 
of a shiny (optically flat) sample.  The infrared radiation is directed onto the surface of the 
sample at an angle of incidence.  For specular reflection, the angle of reflection is equal to the 
angle of incidence.  The amount of radiation reflected depends on the angle of incidence and 
the refractive index, surface roughness and absorption properties of the sample surface.  
Everall and co-workers [46] have reported that this technique is ideal for characterisation of 
the surface of carbon filled polymers.  Any radiation penetrating beyond the surface is 
absorbed, eliminating additional reflections from the back of the surface or from scattering 
within the sample. 
 
FTIR-microscopy imaging experiments were performed on a Perkin-Elmer Spotlight 400 FTIR 
(PerkinElmer Inc., Waltham, MA, U.S.A.) microscope fitted with a linear array detector.  The 
CF-PE film bonded to the target insert was positioned on an X-Y stage driven by a stepper-
motor.  Images were collected in reflection mode between 2000 and 750 cm-1 at 8 cm-1 
resolution with 32 scans per pixel.  The area of the sample was imaged over 1000 m x 5000 
m using 6.25 m pixel resolution.  Each image contained 8282 spectra.  All spectral data 
processing was performed using the Perkin-Elmer SpectrumIMAGE software.  Images were 
corrected for atmospheric influences and are shown in Figure 4.9. 
 
The visible survey image (Figure 4.9 A) confirmed damage to the surface of the CF-PE film 
bonded to the target insert.  The infrared survey image shown in Figure 4.9(B) combines 
spectroscopic and spatial information, as well as displaying areas of homogeneity and 
differences.  These differences correlate with the arced areas on the visible survey image of 
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the surface of the CF-PE film.  Figure 4.9(C) is an expanded image of the arced area where the 
pseudo-colours correlate with the observed intensity.  The corresponding specular reflectance 
spectra are shown in Figure 4.9(D).  Although all spectra contain the C-H bending band at 
1477 cm-1 characteristic of the polyethylene, this band is weaker in spectrum 2 and 3 
indicating loss of polymer surface structure.  The observed decrease in baseline is 
characteristic of the presence of carbon particles which reduces the ability of the sample 
surface to reflect.  These results suggested the presence of exposed carbon black as a result of 
the degradation of the polyethylene due to arcing of the unstable corona.  The surface 
morphology of the damaged film was further examined using SEM. 
 
SEM micrographs of the arced CF-PE film were obtained using a Philips XL30 SEM (FEI 
Company, U.S.A.) operating in high-vacuum mode using a secondary electron scintillator 
detector (2 nm resolution).  Samples were carefully mounted onto an aluminium stub using 
double sided adhesive carbon tape.  SEM micrographs were obtained using, an intermediate 
beam current and a 20kV accelerating voltage.  SEM micrographs of the CF-PE film are shown 
in Figure 4.10 
 
The SEM micrograph shown in Figure 4.10(A) correlated with the FTIR images shown in 
Figure 4.9 (A-C).  The high spatial resolving power and depth of field capabilities of the SEM 
technique revealed the presence of craters < 200 m in diameter (Figure 4.9 B) and holes ca. 
10 m in diameter that have penetrated the surface of the CF-PE film (Figure 4.9 C).  The 
charging (white areas) observed around the edge of the craters indicated that the material 
was detached from the surface of the CF-PE film.  This confirms degradation of the 
polyethylene film and is consistent with the observed decrease in baseline in the specular 
reflectance spectra (Figure 4.9 D).  These observations confirm that a breakdown in the 
corona forming a spark or continuous arc significantly damages the surface morphology of the 
CF-PE film in a manner that would compromise the mass accuracy in MALDI-TOF spectra 
taken from such a surface. 
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Figure 4.9  FTIR assessment of arcing on the surface of the CF-PE film bonded to the target 
insert (A) visible surface image, (B) infrared survey image, (C) expanded image illustrates the pseudo-
colours that represent the intensity and the corresponding sepcular reflectance spectra in (D) 
 
(A) 
(B)  
(C)  
(D)  
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A thorough study of the influence of controlled corona discharge exposure (no arcs or 
sparks) on the surface morphology and chemical structure of the CF-PE film is described 
in Sections 4.2.1 and 4.2.2. 
 
4.2.1  Surface morphology  
 
Prolonged, controlled, corona discharge exposure (even in the absence of sparks or arcs) 
has also been reported to result in surface roughening [47,48,27].  The extent of surface 
roughening was important in this study as the surface of the CF-PE film represents the 
point of ionisation in the MALDI and must be maintained as a flat plane.  Complementary 
atomic force microscopy (AFM) and SEM techniques were used to investigate the surface 
topography and structure of the CF-PE film before and after exposure to ascertain if the 
corona discharge treatment resulted in surface roughening and, if so, to what extent.  
These findings assisted in establishing the upper limit of corona exposure. 
 
(B) (A) 
Figure 4.10 SEM micrographs show the 
damage caused to the surface of the CF-PE 
film caused by corona arcs. 
(C) 
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CF-PE bonded target inserts (Section 3.4.3) were corona discharge treated using the 
protocol described in Section 4.1.2.3.  Treating levels ranged from 60 watts to 1000 watts.  
AFM images and SEM micrographs were obtained for the untreated CF-PE film and the 
corona discharge treated films. 
 
All AFM measurements were carried out with a Dimension 3100 scanning probe 
microscopy (Veeco Instruments, Santa Barbara, CA, U.S.A.) operated in TappingMode.  
Etched silicon cantilever probes having a radius of curvature between 5 and 10 nm and a 
resonant frequency of 235.7 kHz.  The laser deflection method was used to detect the root-
mean-square (rms) amplitude of cantilever oscillation.  For all images presented in this 
thesis, the scan rate was 0.5 Hz, the set-point ratio was ca. 0.7 and scan areas were 20 m 
x 20 m.  To determine the reproducibility of the data, images were acquired on at least 
nine different areas of each sample surface.  A selection of AFM images is shown in Figure 
4.11(A-D). 
 
Corresponding SEM micrographs were obtained using a Philips XL30 SEM (FEI Company, 
U.S.A.) operating in high-vacuum mode using a secondary electron scintillator detector (2 
nm resolution).  All CF-PE films bonded to the target insert at each treating level were 
carefully mounted onto an aluminium stub using double sided adhesive carbon tape.  SEM 
micrographs were obtained using an intermediate beam current and a 30kV accelerating 
voltage and are shown in Figure 4.11(E-H). 
 
Table 4.1 presents the data obtained from the AFM images where the root-mean-square 
(rms), average roughness (Ra) and roughness maximum (Rmax) for the untreated film and 
corona treated films at 250, 450 and 750 watts are presented.  The corresponding AFM 
images and SEM micrographs are shown in Figure 4.11 to illustrate the effect corona 
discharge treatment has on the surface topology and morphology of the CF-PE film.   
 
Table 4.1  Effects of corona discharge on the surface roughness 
 
Corona treatment 
(watts) 
Rms 
(nm) 
Ra 
(nm) 
Rmax 
Untreated 21.3 16.9 271.3 nm 
240 34.5 22.2 498.1 nm 
450 62.1 45.1 694.5 nm 
750 116.4 74.2 1.566 m 
NB: The results presented in this table are an average of the nine areas scanned. 
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Figure 4.11 Effects of corona discharge on the surface roughness.  AFM images are shown in 
(A) untreated CF-PE, (B) 240 watts, (C) 450 watts and (D) 750 watts.  Corresponding SEM 
micrographs are shown in (E) untreated CF-PE, (F) 240 watts, (G) 450 watts and (H) 750 watts. 
(A) 
(B) 
(C) 
(D) 
(E) 
(F) 
(G) 
(H) 
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The surface of the untreated CF-PE film bonded to the target insert exhibits an average 
surface roughness of only 17 nm indicating that the surface is maintained as a flat plan 
after fabrication (Section 3.4.3).  As corona discharge levels increased the surface 
roughness increased, consistent with studies reported previously [47].  While the AFM 
images indicated surface roughness increases, the corresponding SEM micrographs show 
corona discharge exposure films at 250 and 450 watts have a similar homogenous surface 
structure. 
 
At treatment levels greater than 450 watts, noticeable changes in the surface topology 
were observed both in the AFM images and SEM micrographs.  The observed average 
Rmax value for 750 watts was ca. 1.5 m.  Surface roughness of this magnitude would be 
problematic for subsequent MALDI mass spectrometric analyses and the effects would be 
similar to those observed when Teflon was used as the spacing material in the fabrication 
protocol (Section 3.4.3.1).  As a result the upper limit for corona exposure was set at 450 
watts.  From here on, treating levels employed in this study ranged from 60 watts to 
450watts. 
 
 
4.2.2  Chemical structure  
 
Changes to the chemistry of the surfaces of the corona discharge treated CF-PE films were 
monitored using a number of complementary analytical techniques.  Contact angle 
goniometry has been shown to be a useful technique to monitor the changes in surface 
wettability, probing the uppermost monolayers of the polymer surface [25].  X-ray 
photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) 
were used to determine the elemental composition and surface functionality of the corona 
discharge treated CF-PE film. 
 
4.2.2.1  Contact angle measurements  
 
The contact angle between a surface and a drop of water contact angle measurements can 
be used as a measure of surface free energy.  When studying the effects of polymer surface 
modification, changes in contact angle values can be attributed to changes in surface 
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energy and surface roughness.  Contact angle measurements have been used in many 
studies to probe the changes in wettability of polymer surfaces [39,27,49,4]. 
 
Contact angle measurements were taken before and after corona discharge treatment of 
the CF-PE film bonded to the target insert using an optical bench-type contact angle 
gonimeter (OCA20 DataPhysics Instruments), using the sessile drop method.  Drops of 
ultra pure water (3 L) were deposited at a number of locations along the length of the 
film surface.  All measurements were recorded at room temperature and performed 
within 1 hour of corona exposure to avoid effects of hydrophobic recovery [39]. 
 
The corona-treated CF-PE film showed no visible changes, but the water contact angles 
gradually decreased from 109 to 35.5 with increasing corona exposure.  These results 
are consistent with those previously reported by Lee and co-workers [32].  Contact angle 
images at each corona exposure treating level are shown in Figure 4.12 and the evolution 
of the contact angle with increasing corona discharge exposure is shown graphically in 
Figure 4.13.  The decrease in contact angle (increase in wetting) can be attributed to the 
introduction of polar, oxygen-based functionalities onto the surface after corona discharge 
exposure.  To ascertain the functional groups formed on the surface of the CF-PE film at 
various corona exposure levels, two complementary techniques, XPS and FTIR-ATR, were 
used.  They are discussed in Sections 4.2.2.2 and 4.2.2.3 respectively. 
 
 
4.2.2.2  X-ray photoelectron spectroscopy  
 
X-ray photoelectron spectroscopy (XPS) is a non-destructive surface analysis technique 
that can provide both elemental and chemical state information about the surface and 
near-surface region of a material.  Because of this, XPS has been extensively used to study 
polymer surface modifications [47,50,51].  In this study the changes in chemical structure 
of the CF-PE film surface before and after corona discharge exposure were investigated by 
XPS. 
 
All XPS experiments were performed in an ESCALAB 3MkII system (VG Scientific), using a 
nonmonochromatic Al K X-ray source (operated at a nominal power of 300 watts).  The 
CF-PE film bonded target inserts were mounted on stands using double-sided adhesive 
tape.   
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Figure 4.12 Contact angle of ultra pure water on corona discharge exposure CF-PE film (A) 
untreated, (B) 60 watts, (C) 120 watts, (D) 180 watts, (E) 240 watts, (F) 360 watts 
and (G) 450 watts 
 
 
Figure 4.13 Evolution of contact angle of corona treated CF-PE film. 
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Survey scan spectra, from which the overall atomic composition was computed, were 
acquired in 300 seconds using a pass energy of 160 eV and a 0.5 eV step (Figure 4.14).  
Narrow scans of the C1s and O1s regions were acquired using a pass energy of 20 eV and a 
0.05 eV step, with acquisition times sufficient to give 40-50 kilocounts at the C1s peak 
maximum (Figure 4.15).  All spectra were acquired normal to the sample surface, and the 
binding energies were referenced to the carbon (C1s) peak at 285.0 eV, to minimise 
charging effects at the surface. Curve-fitting using a compatible software package with the 
ESCALAB 3MkII system were performed on the C1s spectra. 
 
Figure 4.14 shows the XPS scans of the untreated CF-PE film.  As expected for a polyolefin, 
the survey spectrum showed carbon to be the main element present at the surface of the 
CF-PE film prior to corona discharge treatment.  A very small amount of oxygen was also 
present at the surface, which is typical of a hydrocarbon film that has been exposed to the 
atmosphere over time [52].  Survey spectra acquired from CF-PE films after corona 
discharge treatment showed an increase in the observed oxygen peak as a function of the 
total energy delivered to the surface of the CF-PE film. 
 
 
 
Figure 4.14 XPS survey scan spectra of the corona discharge treated CF-PE films together with 
the untreated CF-PE film  
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XPS scans of 120 watt and 450 watt treated CF-PE films are also shown in Figure 4.14 to 
illustrate the increased oxygen incorporation into the CF-PE film as corona discharge 
treatment increased.  A complete list of the changes in the relative atomic percentage of 
oxygen as a function of corona discharge exposure is given in Table 4.2. 
 
Table 4.2 Changes in the relative atomic percentages as a function of corona discharge 
exposure 
 
 
Figure 4.15 shows the narrow scan of the C1s core level spectra of the untreated CF-PE film 
with an alkyl carbon (CC) peak at a binding energy of 285 eV.  Curve fitting of the 
corona discharge treated CF-PE films showed a new peak at higher binding energy, 287.9 
eV.  This peak corresponds to a carbonyl carbon (CO) [51].  As corona discharge 
treatment increased the area ratio of the CO increased from 4.98% to 25.92%, as shown 
by the %O:C in Table 4.2. 
 
 
Figure 4.15 Curve fitting of the C1s XPS spectra of CF-PE film: untreated, corona exposed 120 
watt and corona exposed 450 watt 
 
Corona exposure 
(watts) 
% C1s 
285 eV 
(CC) 
% C1s 
287.9 eV 
(CO) 
% O1s 
533 eV 
 
% O:C 
Untreated 97.46 0 2.54 3.67 
60 91.95 3.31 4.74 4.98 
120 86.38 4.32 9.30 10.25 
180 83.34 4.94 11.72 13.28 
240 77.14 6.19 16.67 20.00 
360 72.43 8.91 18.66 22.94 
450 69.09 10.32 20.59 25.92 
CC 
CO 
CC CC 
CO 
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The presence of carbonyl groups on the surface of the CF-PE film suggests that optimised 
corona discharge parameters produce predominantly oxygen atoms in the O (3P) state.  
Thus, in the O (3P) regime the mechanism for oxidation should involve initial H atom 
abstraction to form a carbon-centered free radical which is then attacked by the prevalent 
oxygen molecules to form peroxy radicals (Figure 4.5 A).  As a result, the formation of 
hydroperoxide is rapid and subsequent reactions proceed directly to the level of ketones 
and esters, carboxylic acid and carbonate functional groups [43].  Although no peaks 
corresponding to groups of higher oxidation levels were observed by XPS in this study, 
they have been reported in the literature [53,54,33,37,30].  These studies employed higher 
corona powers and longer treating times that often resulted in surface roughening, which 
was undesirable in this study. 
 
In summary, XPS studies indicated the presence of carbonyl groups on the surface of the 
corona discharged treated CF-PE film; the concentration and uniformity of the changes 
were further investigated by FTIR-ATR spectroscopy. 
 
4.2.2.3  Fourier transform infrared spectroscopy  
 
Fourier transform infrared (FTIR) spectroscopy has been used to study a range of 
materials, generally non-destructively, in chemistry and material sciences [55-58].  This is 
because the infrared spectrum can provide crucial information on the molecular structure 
of organic compounds based on characteristic absorbances associated with particular 
molecular vibrations.  FTIR reveals functionalities such as aromatic and aliphatic groups 
and carbonyl and hydroxyl groups.  FTIR was used in this study to characterise the surface 
chemistry of the CF-PE film after corona exposure.  In particular, it was used to identify 
those functional groups present on the surface that influence the wetting properties 
previously established using the contact angle technique (Section 4.2.1). 
 
 
A number of FTIR techniques now exist.  Among the newest is imaging FTIR [59,60].  This 
technique can be performed in transmission, reflection, and attenuated total reflection 
(ATR) mode.  Transmission mode can be used, but is not ideal for this study as the CF-PE 
film is black and reflection mode does not possess the depth of field capabilities required 
to provide useful spectra (as previously demonstrated in Section 4.2).  ATR-FTIR imaging 
will be used in this study to examine the spatial distribution of chemical compounds 
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within a few microns of the corona discharge treated CF-PE films surface.  This feature 
was not available when the experiments in Section 4.2 were performed. 
 
ATR-FTIR imaging experiments were performed on a Perkin-Elmer Spotlight 400 FTIR 
(PerkinElmer Inc. U.S.A.) microscope fitted with an ATR imaging accessory coupled with a 
linear array detector.  The ATR germanium hemispherical internal reflection element 
crystal was brought into contact with the CF-PE film mounted on the X-Y stage of the FTIR 
microscope.  The crystal was scanned laterally by the IR beam and both the crystal and the 
attached sample were moved under the beam as the X-Y stage was driven by a stepper-
motor.  Initial contact between the crystal and sample was maintained during the imaging 
data acquisition.  An 8x2 offset pixel Mercury Cadmium Telluride (MCT) array detector 
was used to obtain an FTIR simage with a pixel size of 1.56 m.  For each pixel, the ATR-
FTIR spectrum, ranging from 750 to 4000 cm-1 with a spectral resolution of 16 cm-1.  The 
scan area was 300 m x 300 m.  This image contains 36,850 spectra.  All spectral data 
processing was performed using the Perkin-Elmer SpectrumIMAGE software and images 
were corrected for atmospheric influences. 
 
To assess the degree of surface functionality incorporated on the surface of the CF-PE after 
corona discharge exposure, images of the untreated surface were always acquired as a 
control prior to corona exposure.  All measurements were acquired within 1 hour of 
corona exposure using the treating parameters described in Section 4.1.2.3.  A list of 
characteristic frequencies for functional groups of concern in this study is listed in Table 
4.3. 
 
Hyperspectral images were obtained using the FTIR-ATR imaging accessory for untreated 
CF-PE films and corona discharge exposed CF-PE films at 60, 120, 180, 240, 360 and 450 
watts.  Each pixel of the image corresponds to a unique spatial location on the CF-PE film.  
Using the Spotlights ChemiMap function two base points (1745 cm-1, 1695 cm-1) were 
selected that correspond to carbonyl function group observed at 1722 cm-1.  Images of CF-
PE film ranging from untreated to 360 watts are shown in Figure 4.16.  Images of the CF-
PE treated at 450 watts are shown in Figure 4.18.  Different areas of a map are highlighted 
according to the distribution of carbonyl group in the CF-PE film.  The carbonyl group was 
chosen as the ChemiMap target group based on the results of previous XPS analyses had 
identified the presence of carbonyl group on the corona discharge treated CF-PE films 
(Section 4.2.2.2). 
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Table 4.3 FTIR spectral band assignments [reproduced from reference 61]  
 
 
Functional group 
 
 
Type of vibration 
 
 
Wavenumber (cm-1) 
 
Hydroxyl (COH) OH stretching 3500-2500 
OH bending 1420-1330 
CO stretching 1260-1100 
Carboxylic acid (COOH) OH stretching 3300-2500 
CO stretching 1320-1210 
CO stretching 1760-1710 
Ester (C(CO)O) CO stretching 1750-1735 
CC(O)O stretching 1210-1163 
CCO stretching 1064-1031 
Aldehyde (HCO) CO stretching 1740-1720 
Ketone (CO) CO stretching 1745-1715 
Ether (COC) COC stretching 1150-1010 
 
 
FTIR-ATR imaging enabled the density of functional groups to be visualised (Figure 4.16).  
As the corona exposure time increased, the density of carbonyl groups on the CF-PE film 
increased.  Figure 4.17 shows the FTIR-ATR spectra of samples ranging from the untreated 
CF-PE to corona discharge exposure levels of 360 watts.   
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Figure 4.16 FTIR-ATR hyperspectral images for untreated CF-PE film to corona discharge exposure levels of 360 watts. All images have been ChemiMapped to show 
  the density of carbonyl functional groups. 
   
   
Untreated 60 watts 120 watts 
180 watts 240 watts 360 watts 
Pixel overload 
NB:  The white box in the 60 watt image indicates a pixel overload of the 8 x 2 offset Mercury Cadmium Telluride array detector was used to obtain FTIR image. 
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All the spectra contain bands at 2911, 2845, and 1462 cm-1 characteristic of CH stretching and 
CH bending peaks respectively.  The spectra of corona discharge treated films displayed an 
average vibration band at 1722 cm-1 which was assigned to the CO stretching vibration (Table 
4.3).  The intensity of the CO stretching band increased with increasing corona exposure.  The 
vibration at 1020 cm1 was assigned to the COC ether stretching vibration observed at corona 
exposure levels greater than 60 watts. 
 
  
 
Figure 4.17 Corresponding FTIR-ATR spectra from the hyperspectral image:                untreated, 
              60 watts,               120 watts,              180 watts,               240 watts, and              360 watts. 
 
CO stretching 
COC 
ether stretching 
CH stretching 
CH 
bending 
Wavenumbers (cm
-1
) 
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The ChemiMap carbonyl hyperspectral image of CF-PE film treated at 450 watts is shown in 
Figure 4.18(A).  The observed absorbance of carbonyl concentration is intensified in a -150 m 
x 150 m area.  This region was expanded (Figure 4.18 B) and the FTIR-ATR spectrum of the 
film in this region is shown in Figure 4.18(C).  The absorption bands observed in this spectrum 
suggest the presence of higher oxidation functional groups on the surface of the CF-PE film.  
Figure 4.18(C) illustrates the Spotlight ChemiMap function indicated by the grey area in the 
FTIR-ATR spectrum.  The CO stretching peak at 1177 cm-1 was selected over the OH bending 
peak at 1435 cm-1 to ChemiMap as the two base points required were clearly defined at 1200 
cm-1 and 1160 cm-1.  The resulting ChemiMap image is shown in Figure 4.19 
 
 
 
 
 
 
Figure 4.18 (A) FTIR-ATR hyperspectral image of the ChemiMap CO stretching peak obtained from 
the CF-PE film exposed to 450 watts, the indicated region in (A) is expanded in (B) and the FTIR-ATR 
spectrum corresponded to the mark on (B) is shown in (C). 
 
 
(A) (B) 
(C) 
OH bending 
Wavenumbers (cm
-1
) 
CO stretching 
CH bending 
CO stretching 
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The expanded FTIR-ATR hyperspectral image in Figure 4.19 shows the pseudo-colours that 
represent the intensity of the CO between 1200 – 1160 cm-1 stretching band and the 
corresponding spectra shown in Figure 4.20.  All spectra contain the CO stretching vibration at 
1724 cm-1and a CO stretching vibration at 1232 cm-1 assigned to carboxylic acid functional 
groups (See Table 4.3) as well as the other CO bands used to map the image.  In spectra 19 to 
22, the band at 1177 cm-1 was assigned to the C-C(O)O stretching vibration associated with 
ester functional groups.  Only spectrum 22 displays vibrations at 1434 cm-1 assigned to OH 
bending (Table 4.3).  The presence of bands at 3544 cm-1 and 1177 cm-1 correspond to OH and 
CO stretching peaks respectively.  The combinations of these peaks together confirm the 
presence hydroxyl functional groups. 
 
The hyperspectral images in Figure 4.18 and 4.19 and the FTIR-ATR spectra in Figure 4.20 
confirm the presence of oxidation groups, such as, carboxylic acid, ester and hydroxyl functional 
groups observed.  As indicated by Spectrum 22 the presence of hydroxyl group are observed in 
localised regions on the surface of the corona exposed 450 watts CF-PE film.  The majority of the 
surface density was representative of carboxylic acid and ester groups as indicated by Spectra 
18 and 19 respectively.  The formation of these groups are consist with the hydrogen 
abstraction by O(3P) reaction mechanism (Figure 4.5, Section 4.1.2) where carbonyl groups 
form and undergo subsequent oxidation to form esters and carboxylic acid function groups [43].  
The absence of O-H stretching vibration at 3300 – 2500 cm-1 in Spectrum 18 suggest ester 
groups may form the predominant functional group on the surface of CF-PE film. 
 
Polarity changes can be seen in the FTIR-ATR surface scans and have been shown to be 
dependent on treatment regimes.  This is further demonstrated by the decreased contact angles 
of solution droplets.  Longer discharge treatment resulted in higher density of modified surface 
sites, the formation of surface carbonyl (C=O) and ether (COC) predominant for treating 
ranges up to 360 watts.  At 450 watts, ester (C(CO)O) is the predominant function group 
observed as well as OH groups resulting from subsequent hydrolysis.  However, unlike the 
ester, the concentration of hydroxyl functional groups was not evenly distributed across the 
surface.   
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Figure 4.19  FTIR-ATR hyperspectral images of the ChemiMap CO stretching peak from the CF-PE 
film exposed to 450 watts.  Expanded region is indicated by the white square.  
 
      
 
Figure 4.20 Corresponding FTIR-ATR spectra from the hyperspectral image of the ChemiMap CO 
stretching from the CF-PE film exposure to 450 watts.  Spectra obtained from the film a points labelled, 
18, 19, 20, 21 and 22 from Figure 4.19 (in order of increasing CO density). 
 
OH bending 
CO stretching 
carboxylic acid 
CO stretching 
OH stretching 
hydroxyl 
Wavenumbers (cm
-1
) 
Spectrum 18 
Spectrum 22 
Spectrum 19 
Spectrum 20 
Spectrum 21 
CO stretching hydroxyl &/or 
CC(O)O stretching ester 
18 
19 
20 
21 
22 
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These results indicated that the concentration of hydroxyl function groups on the surface of the 
CF-PE film would probably increase with increasing corona exposure of 750 and 1000 watts.  
However these treating levels were not adopted since it had been previously established that 
prolonged exposure resulted in surface roughening (Section 4.2.2.2). 
 
As noted earlier, during the discussion of laser treatment (Section 3.1.1.3), it was initially 
planned to manufacture a surface gradient by subjecting different sections of the CF-PE film to 
varying treatment levels.  The results presented in Section 4.2 demonstrated that controlled 
corona discharge exposure on the CF-PE film increased the wetting properties of the film 
without altering the surface morphology of the film and thus different levels of exposure across 
the film should create a “hydrophilicity” gradient. 
 
Several attempts were made to manufacture such a surface gradient. The corona was 
continually discharged (10 watts at 50 Hz) (Figure 5.8) as the film and counter electrode were 
translated back and forth under the in-house electrode.  Six passes were made across the entire 
15mm of the treated region (the end 5mm was deliberately left untreated as a reference 
nonpolar surface).  Passes 7 to 13 were then made only across the first 10mm.  Passes 14 to 20 
were made only across the first 5mm of the film.  It was hoped that this would create a stepwise 
gradient across the film with bands of untreated, 60 watt, 120 watt and 180 watt–treated film.  
Assessment of the hydrophilicity of the film surface was carried out using contact angle 
measurements (Section 4.2.2.1).  Unfortunately the contact angles did not reflect the degree of 
expected corona exposure.  For example, in all previous 60 watt treated surfaces, the contact 
angle was 72 ± 3° whereas the contact angle obtained on the 60 watt band of the gradient 
surface was only 58°, a contact angle characteristic of 180 watts.  This suggested that the region 
of corona exposure was ill-defined.  This was not a problem in the homogeneous treatments but 
was problematic when attempting to generate a gradient in this system.  Masking was not an 
option since masking provided edges which provoked sparks and arcs. 
 
Consequently, production of a gradient was abandoned and all subsequent experiments used 
homogeneously exposed surfaces. 
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4.3  MALDI-TOF mass spectrometric analysis   
 
 
The effect of different corona discharge exposure levels on the surface morphology and 
chemical structure of the CF-PE film has been described in Section 4.2.  It was anticipated that 
the observed increase in surface hydrophilicity as a function of corona discharge exposure 
would influence the matrix-analyte-surface interactions and the quality of the subsequent 
MALDI-TOF mass spectrum. 
 
To ascertain this, a standard peptide mixture composing of five peptides (leucine enkephalin, 
angiotensin II, neurotensin, ACTH (18-39 clip) and insulin chain B (oxidised), Table 2.1, Section 
2.2.2) was applied to each target surface using the dried droplet technique (Section 3.5.3.1).  
MALDI-TOF mass spectrometric analyses were performed using the conditions described in 
Section 2.2.7.1 using a delay of 25,000 nanoseconds.  All spectra shown are a summed average 
of 50 shots allowing the direct comparisons to be made.  The resulting mass spectra obtained 
using the untreated CF-PE surface and the corona discharge treated CF-PE surface at 120 watts, 
240 watt and 450 watts are shown in Figure 4.21. 
 
Once mass spectra had been recorded the crystallisation morphology of the matrix-analyte 
deposits was examined using a Philips XL30 SEM (Section 3.1.1.1.).  SEM micrographs were 
obtained using an intermediate beam current and a 25kV accelerating voltage.  Micrographs for 
untreated, 120 watt, 240 watt and 450 watt  treated surfaces are shown in Figure 4.21. 
 
As noted earlier, the degree of surface oxidation increased and contact angles decreased with 
increased corona discharge exposure levels.  Smaller contact angles for sample solutions 
adhering to the surface should produce a more homogeneous distribution of sample molecules 
on the target surface [62].  Consistent with this, the images on the MALDI CCD camera indicated 
that the density of matrix/analyte crystallites increased with increasing corona discharge 
exposure.  This was supported by the appearance of smaller, more densely distributed crystals 
in the SEM micrograph of the 450 watt treated surface (Figure 4.21 D). 
 
 
 
 
4.  Modification of target surface    
 
 
129 | P a g e  
 
 
 
 
 
 
 
 
 
 
 
 
 
s
(A) 
(B) 
(C) 
(D) 
Untreated 
240 watt 
450 watt 
Figure 4.21 Effects of corona discharge on the matrix-analyte-surface interactions:  
SEM micrographs are shown on the left (A) untreated, (B) 120 watt, (C) 240 watt and (D) 450 watt and 
the corresponding mass spectra are shown on the right.   
NB:  The insert (top right) shows the changes in peptide signal intensity as a function of corona exposure. 
120 watt 
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The mass spectra produced from the untreated and corona treated CF-PE targets were equal in 
terms of mass accuracy and resolution.  The signal intensities for angiotensin II and neurotensin 
decreased as the CF-PE film surface hydrophilicity increased.  Conversely, ACTH (18-39 clip) 
signal intensities increased. The spectrum obtained using the 450 watt treated CF-PE showed 
the [M+H]+ ion (3495.3 Da) for insulin chain B oxidised.  This peak was not observed in the 
spectra from untreated CF-PE film or corona treated CF-PE films at 120 and 240 watts.  The 
appearance of the insulin peak in the 450 watt spectrum may be due to the formation of smaller 
more densely distributed crystals (which promotes a closer interaction between analyte and 
matrix molecules) on the more polar surface (Figure 4.21D).  It is clear from the insert in Figure 
4.21 that the intensities of the standard peptide peaks are influenced by the surface properties 
of the CF-PE film.  Accordingly, an exposure of 450 watts was chosen as the standard corona 
discharge treatment for all subsequent experiments described in Chapter 5. 
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5 
Sample delivery system for mass spectrometric 
analysis  
 
 
Chapters 3 and 4 described the design, development, fabrication and characterisation of an 
improved target surface.  Chapter 5 describes the design and manufacture of a sample delivery 
device with the necessary fixtures to provide an enclosed system to enable transport of a 
standard peptide mixture to the surface of the improved target surface.  Assessment of the 
system by mass spectrometric analysis is described.  
 
 
5.1  Overview of the sample delivery system  
 
When this project began, very few microfabricated systems employing microfluidic technologies 
coupled to MALDI-TOF mass spectrometers existed [1-3].  Since then, a plethora of off-line 
techniques have been developed and reported.  These, together with two on-line techniques, 
have been briefly described in Chapter 1 (Section 1.7.2).  All of these studies report planar 
configurations of microchannels within either glass-based or polymer substrates.  Often these 
substrates are positioned within a standard MALDI target for subsequent analysis. 
 
This study describes an off-line sample separation and presentation-target surface compatible 
with an existing Bruker Biflex II MALDI-TOF mass spectrometer (Section 2.1).  The off-line 
technique also employs a sample delivery device designed and manufactured with an open 
micro channel.  The surface of the CF-PE film bonded to the target insert sits beneath the 
microchannel forming the “floor” of a “cavern”.  A pressure driven transport mechanism was 
employed to enable the analyte to flow in a mobile phase along the surface of the CF-PE film.  
Figure 5.1 shows a schematic of the two sample delivery protocols adopted for the off-line 
sample delivery system.  They have been termed on-flow and stop-flow and are discussed in 
detail in Sections 5.3.3.1 and 5.3.3.2. 
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Figure 5.1 Schematic of the off-line sample delivery system  
 
 
The sample delivery system developed in this project differs from those off-line techniques 
previously reported (Section 1.7.2) where separation occured via electrophoretic separation 
techniques in open or pseudo-closed channel systems.  In this study, it was envisaged that spatial 
separation of a standard peptide/protein mixture would occur based on their varying surface-
analyte interactions with the CF-PE film bonded to the target insert.  Delivery of the analytes to 
the target surface would be followed by application of the matrix.  The target insert could then 
be positioned within the modified MALDI target (Section 2.3) and mass spectra could be 
acquired directly from the CF-PE film surface.  
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5.2  Sample delivery device – design and manufacture  
 
A wide variety of polymer materials have been used for microfabrication processes (previously 
mentioned in Section 1.7.2).  In this study polyetheretherketone (PEEK) was chosen to 
manufacture the sample delivery device.  PEEK is a synthetic linear aromatic polymer.  It is a 
chemically inert, semi-crystalline thermoplastic and possesses good dimensional stability.  
These properties make it well suited for use as a substrate for microfabrication and the polymer 
of choice for standard HPLC fittings. 
 
The sample delivery device was designed within RMIT University using AutoCAD (2005) and 
was manufactured externally in partnership with the CRC for Microtechnology by CS Precision. 
 
5.2.1  Sample delivery device 
 
The sample delivery device was manufactured from 12 mm thick PEEK block (Ketron PEEK-
1000, Quadrant Engineering Plastic Products, Belgium, NV) and was 45 mm in length and 40 mm 
in width.  These dimensions were consistent with those of the target inserts (30 mm x 20 mm x 2 
mm, Section 2.3).  To allow for a standard PEEK HPLC capillary fitting (Two-Piece Finger-Tight 
fitting with ferrules, Alltech Associates, Inc) to be positioned within the device, a 5 mm chamfer 
extending 10 mm inward on the top-face was created at both ends of the device.  In the centre of 
this chamfered edge, on a 45 angle, the PEEK block was bored, tapered and threaded to 
accommodate the PEEK HPLC fitting.  The thickness of the PEEK block (12 mm) was required to 
ensure that the bottom face was not distorted when the HPLC fittings were inserted.  On the 
bottom surface of the block, two 0.3 mm diameter holes were drilled where the PEEK HPLC 
capillary fitting terminated within the PEEK block.  The distance between the two holes was 22 
mm, as shown in Figure 5.2. 
 
A microfluidic channel was machined between these two holes, allowing fluid to pass through 
the channel and over the modified target insert surface.  These features are discussed in detail in 
Sections 5.2.2 and 5.2.3. 
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Figure 5.2 AutoCAD microfluidic device design, side and bottom views (A-B) respectively and the corresponding photographs of the device in (C-D). 
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In order for the sample delivery device to be positioned precisely over the target insert a jig was 
required to secure the target insert.  The jig was designed in AutoCAD (Figure 5.3) and 
manufactured from anodised stainless steel and consisted of two parts.  Both parts were 70 mm 
in length and 10 mm in height.  Part 1 had a width of 18 mm.  Along the length of one side, 3 mm 
in from the edge, a 60 dove tail edge (2 mm deep) was machined to ensure the target insert 
(Section 2.3) sat flush within the jig.  Two pins (6 mm diameter, 14 mm in height) extended from 
the surface of Part 1.  These pins enabled the target to be centrally self-aligning and ensured the 
sample delivery device was reproducibly positioned over the target insert. 
 
The second part of the jig had a width of 8 mm. In the centre, the shape of the target insert was 
machined out.  A turn thumb screw allowed the target insert to be locked into position (Figure 
5.4 A-C).  Two rods 10 mm thick joined the two parts of the jig together. The sample delivery 
device slid over two pins to ensure repeatable alignment and ensured that the two surfaces were 
parallel with one another, as shown in Figure 5.5. 
 
 
 
 
 
Positioning pins 
8 mm 18 mm 
Turn thumb screw to lock target 
in position 
70 mm 
60 dove tail edge 
33 mm Rods 
Figure 5.3 AutoCAD drawings of the designed target insert jig (A) side view and (B) top view 
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Figure 5.4 Photographs of:  (A) the manufactured jig (B) the target insert with the bonded CF-PE centrally self aligned between the two positing pins in Part 1 of the jig and 
(C) the target insert locked into position when the thumb screw was tightened. 
(A) (B) (C) 
Part 1 Part 2 
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(C) 
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Target insert 
Figure 5.5 Sample delivery system photographs (A-B) and AutoCAD drawings (side view) (C-D) show the sample delivery device positioned over the target insert 
 located in the jig. 
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5.2.2  Microfluidic channel design 
 
As noted earlier, the sample delivery device was manufactured to interface with the surface of 
the CF-PE film bonded to the target insert.  A microfluidic channel was required to enable the 
analyte to flow in a mobile phase along the surface of the CF-PE film bonded to the target insert.   
The channel should be narrow enough to constrain the sample to a defined area while 
maintaining a practical solution volume.  In an effort to ascertain the optimal dimensions for the 
microfluidic channel in this study, cross sectional areas of several of the standard 
peptides/proteins used throughout the course of this study were established using PRSB Protein 
Data Bank (PDB). 
 
Protein structures were downloaded from the PDB and visualisation of the structures was 
performed using the RasMol software (Version 2.6-ucb) (Appendix 6).  PDB identification codes 
for the proteins, together with their diameters and cross sectional areas, are listed in Table 5.1. 
 
Table5.1 Protein Data Bank identification codes, dimensions and cross section areas for 
peptides/proteins used in this studied 
 
 
 
Standard peptide 
 
 
PDB ID 
 
 
Diameter dimensions 
 
 
Cross sectional area 
 
 
Angiotensin II 
 
1n9v 
 
22.14 Å, 17.20 Å 
 
4.90 x 10-18  m2 
 
Insulin – bovine pancreases 
 
9ins 
 
31.72 Å, 27.24 Å 
 
1.01 x 10-17  m2 
 
Myoglobin - Horse skeletal muscle  
 
1mbn 
 
36.30 Å, 44.94 Å 
 
2.02 x 10-18  m2 
   
 Although myoglobin was not used in this study, the channel was designed to enable larger proteins to flow freely 
within the channel. 
 
Knowing the cross sectional areas of a range of standard proteins/peptides (1046-16961 Da) 
enabled an approximation to be made regarding the channel dimensions to ensure that the 
peptide/proteins could move within the channel.  The channel dimensions selected for this 
study were 50 m deep, 500 m wide and 21 mm in length.  At 500 m from both ends the 
channel began to taper to ensure the channel coincided with the holes drilled for the PEEK HPLC 
capillary fitting (previously described in Section 5.2.1).  The total internal volume of the 
microchannel was 0.5 L. 
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AutoCAD drawings of the channel dimensions are shown in Figure 5.6.  In an effort to ensure 
laminar flow and even sample distribution at the channel inlet, a diffuser consisting of a series of 
three diamonds (100 m in length) and four triangles (50 m in length) was incorporated into 
the design.  They are indicated in black to show they remain in contact with the surface of the 
CF-PE film forcing the flow to pass between them. 
 
 
 
 
                    
 
Figure 5.6 (A) AutoCAD design of the microfluidic channel (B) sample inlet and (C) outlet 
 
The channel described above formed the basis of the 1-D separation based on difference in the 
peptide/protein interactions with the surface of the CF-PE film as the analyte solution flowed 
along the surface through the channel.  At the beginning of this study, a sample delivery device 
capable of analyte separation in two dimensions was envisaged.  To this end, a recess 100 m 
deep, 20 mm wide and 22 mm in length, and isolated from the channel by 30 m was also 
incorporated into the design.  However, numerous challenges appearing throughout the project 
soon prompted a decision to focus solely on the 1-D separation using the channel.  
(B) (C) 
500 m 
110 m 
250 m 
400 m 
400 m 
300 m 300 m 
21 mm 
500 m 
(A) 
5.  Sample delivery system for mass spectrometric analysis  
 
 
145 | P a g e  
 
5.2.3   Manufacturing the channel 
 
A widely used technology for the fabrication of microfluidic devices is laser ablation [4,5].  Laser 
ablation is the direct removal of material by the interaction of the laser light with the sample.  As 
a result of the irradiation of material with high-energy excimer laser photons at sufficient 
fluence immediate bond breaking due to electronic excitation is induced. By controlling the 
number of laser pulses and the total incident radiation, precise machining depths can be 
achieved with minimal thermal distortion at the edge of the exposed region.  Because of this, 
excimer laser micromachining is particularly suitable for polymer materials and was used in this 
study to machine the microfluidic channel (from Section 5.2.2, Figure 5.6) into the PEEK block. 
 
The machining aspect of this work was performed at MiniFAB (MiniFAB (AUST) Pty. Ltd.) using 
an excimer laser system Series 8000 (Exitech Limited, UK) equipped with KrF filled excimer 
laser (LPX210i, Lambda Physik, Germany) delivering pulsed light at 248 nm.  A mask projection 
laser machining technique was adopted and a laser cut stainless steel mask was manufactured 
from the AutoCAD template (Figure 5.6 A). The mask pattern was subsequently imaged onto the 
PEEK sample delivery device mounted on an x-y stage using an x10 projection lens.  The PEEK 
was patterned using synchronised dragging and stitching, using a short pulse frequency of 40 Hz 
and a laser fluence of 1.8 J.cm-2. 
 
Photomicrographs of the microfluidic channel (shown in Figure 5.7 B-C) were obtained using a 
Nikon Labophot 2 optical microscope and the photographs were captured on a Nikon digital 
camera.  These photographs clearly show the precision which the microfluidic channel and 
recess were manufactured. 
 
5.3  Sample delivery apparatus and protocol  
 
The sample delivery apparatus used in this study was assembled from the following 
components: a Harvard Model 22 syringe pump (Harvard Apparatus Inc., South Natick, MA, 
U.S.A), a Rheodyne injector (Model 7520, Rehodyne, CA, U.S.A.) with an internal sample loop of 1 
L mounted on a stainless steel plate, the in-house built sample delivery device and jig and a UV-
Vis detector (UV-116A) (Bioanalytical Systems, Inc).  Analyte peaks were visualised using a 
resurrected 3390A Hewlett Packard integrator.  Fused-silica capillary (75 m I.D. and 375 m 
O.D.) with a polyimide outer coating was purchased from Quadrex Scientific (New Haven, CT, 
U.S.A.).
5.  Sample delivery system for mass spectrometric analysis  
 
 
146 | P a g e  
 
 
    
                    
 
Figure 5.7 Microfluidic channel manufactured in the PEEK sample delivery device:  (A) photograph 
indicating channel and rectangular recess; (B-C) photomicrographs of the channel outlet and the channel 
inlet showing the diffusion design. 
 
5.3.1  Optimisation of sample delivery conditions 
 
To ascertain the optimal mobile phase for this study, standard HPLC analyses of the peptides 
(Table 2.1, Section 2.2.2) were performed on a Dionex P680 solvent delivery system equipped 
with a PDA100 UV detector (operated using “Chromeleon” software) set to 214nm.  Analytical 
RP-HPLC analyses were run on a Phenomenex Luna ODS (3) C18 100 Å 250 x 4.6 (5 m) column 
at a flow rate of 1.0 mL.min-1.  The solvents used were ultra pure water containing 0.1% TFA 
(solvent A) and acetonitrile containing 0.1% TFA (solvent B).  These solvent compositions 
together with the selected wavelength are consistent with HPLC studies previously conducted 
on these standard peptides/proteins [6-8]. 
(A) 
(B) (C) 
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Isocratic elutions using acetonitrile concentrations from 5% to 15% were tested on the 100 
pmol.µL-1 standard peptide/protein mixture (Table 2.1).  A 5 L injection was made for each 
analysis.  Optimal separation of the standards was achieved with 5% acetonitrile eluent.  This 
solvent composition was used as the mobile phase for all sample delivery experiments. 
 
5.3.2  Sample delivery apparatus 
 
The jig discussed in Section 5.2.1 was positioned on a wooden mounting block.  The target insert 
was positioned within the jig and the sample delivery device was lowered on top of the target 
insert using the positioning pins.  The jig and delivery device were then clamped together, 
shown in Figure 5.8. 
 
Clamps were required to ensure adequate pressure was applied to prevent the mobile phase and 
analyte from leaking from the sample delivery device.  The degree of clamping was found to be 
critical.  If the clamps were over-tightened, the CF-PE film deformed and filled the microfluidic 
channel, preventing the mobile phase from flowing. 
 
SEM micrographs of the CF-PE bonded target insert in an over-tightened system were obtained 
using the conditions previously described in Section 3.3.1.1 and are shown in Figure 5.9(A).  
These micrographs clearly show the microfluidic channel has been imprinted on the surface of 
the CF-PE film.  The expanded region of the diffuser at the channel outlet further highlights the 
damage caused to the surface of the CF-PE as a result of over-tightening.  Unforseen budgetary 
constraints precluded the purchase of a torque wrench. The degree of torque required was 
determined by touch.  Surprisingly, this worked consistently well, as shown in Figure 5.9(B). 
 
After clamping of the delivery device and the jig, the inlet and outlet PEEK fittings were put in 
place.  A length of fused-silica inlet capillary (75 m I.D. and 375 m O.D; ca. 25 cm) was fed 
through to the tip of the inlet PEEK fitting which was then finger tightened within the sample 
delivery device.  The other end of the inlet capillary was attached to the outlet port of the 
Rheodyne injector.  A second length of the same fused-silica capillary (ca. 40cm) was inserted 
into the outlet PEEK fitting.  A detection window was burned in the fused-silica capillary at ca. 
30 cm from the outlet of the sample delivery device.  This window was positioned in the UV-Vis 
detector.  
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Figure 5.8  Photographs of the sample delivery apparatus 
 
A 1 mL glass SGE syringe was filled with the mobile phase (5% acetonitrile in 0.1% TFA in ultra 
pure water) and positioned on the syringe pump.  A 1/16" stainless steel union (Swagelock, 
Solon, OH) was fitted with two standard PEEK HPLC capillary fittings.  One fitting had a plastic 
sleeve that slid over the syringe needle; the other had a 1/16" capillary sleeve to which 35 cm of 
fused-silica capillary (75 m I.D. and 375 m O.D.) was attached.  The other end of this eluent-
carrying capillary was positioned in the inlet port of the Rheodyne injector. 
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5.3.3  Sample delivery protocol 
 
Using the apparatus described in Section 5.3.2 two sample delivery protocols were developed.  
The first, termed “on-flow,” allowed the analyte to flow from the injector without stopping 
through the device to the UV-Vis detector.  In the second, the analyte flow was stopped within 
the sample delivery device after a predetermined time.  This delivery protocol will be referred to 
as “stop-flow”.  Both protocols enabled the analytes to interact with the surface of the CF-PE as 
the sample flowed over the surface under the microfluidic channel.  Together the two techniques 
provided insight regarding the ability of the sample delivery system to separate the peptides in 
the standard sample. 
 
Both sample delivery protocols employed the same peptide/protein mixture as a test standard 
for method and protocol development.  As noted earlier, the standard mixture was composed of 
Figure 5.9 SEM micrographs of the CF-PE 
film after sample delivery device clamps were 
(A) over tightened (B) optimal tightening 
resulting in the channel imprint in the CF-PE film 
(A) 
(B) 
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five peptides (leucine enkephalin, angiotensin II, neurotensin, ACTH 18-39 clip and insulin chain 
B (oxidized), Table 2.1, Section 2.2.2) of varying molecular mass and other physicochemical 
properties.  All standards used were 100 pmol.L-1 and were prepared as previously described 
in Section 2.2.5.  
 
The same standard operating conditions were employed for both the “on-flow” and “stop-flow” 
using the apparatus described in Section 5.3.2.  The mobile phase (5% acetonitrile in 0.1% TFA 
in ultra pure water) flowed at 1 L.min-1 through the sample delivery device for 1 hour prior to 
the analyte being introduced manually.  5L of the standard analyte solution was delivered to 
the 1 L sample loop of the injector when the injector was turned to the load position.  When the 
valve was switched to inject position, the start button on the UV-Vis detector and the Hewlett 
Packard integrator was pressed immediately.  This all occurred within a second of injecting 1 L 
of the analyte into the capillary connected to the sample delivery device.  The detector 
wavelength was 214 nm, and the integrator chart speed was 0.5 cm.min-1.  All peaks were 
visualised within 10 minutes and the total run time was 20 minutes.  The loop and sample 
delivery device were rinsed and conditioned between runs.  
 
5.3.3.1  “On-flow” technique 
 
Using the “on-flow” sample delivery protocol (described in Section 5.3.3) each peptide in the 
standard mixture was run individually on a untreated CF-PE and corona treated CF-PE film.  The 
peaks from the chart recorded were overlayed and their retention times are shown in Figure 
5.10(A-B). The standard peptide mixture was also run on both films (Figure 5.10 C). The 
behaviour of the individual standard peptides and mixture were analysed in triplicate on the 
both the untreated and corona treated CF-PE films and the average retention times and standard 
deviations are summarised in Table 5.2.  . These experiments were also performed in duplicate 
to compare the reproducibility of results obtained between targets; these results are also 
presented in Table 5.2. 
 
Excellent reproducibility was observed for retention times for both the untreated and corona-
treated CF-PE films.  Shorter retention times were observed for angiotensin II, neurotensin and 
ACTH (18-39 clip) on the corona treated CF-PE film.  In contrast, insulin chain B (oxidised) 
displayed longer retention.  Essentially no changes in retention times were observed for leucine 
enkephalin. 
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Table 5.2 Comparison of standard peptide/protein retention times on untreated CF-PE and corona treated CF-PE films. 
 
 
Target 
insert 
No 
 
Leucine enkephalin 
 
Angiotensin II 
 
Neurotensin 
ACTH  
18-39 clip 
Insulin  
B chain (oxidized) 
 
Mixture  
RT 
(min) 
SD 
(min) 
RSD 
(%) 
RT 
(min) 
SD 
(min) 
RSD 
(%) 
RT 
(min) 
SD 
(min) 
RSD 
(%) 
RT 
(min) 
SD 
(min) 
RSD 
(%) 
RT 
(min) 
SD 
(min) 
RSD 
(%) 
RT 
(min) 
SD 
(min) 
RSD 
(%) 
Untreated CF-PE  1 6.77 0.004 0.4 6.70 0.006 0.6 6.75 0.008 0.8 6.81 0.013 1.3 6.71 0.003 0.3 6.78 0.008 0.8 
Untreated CF-PE  2 6.78 0.006 0.6 6.72 0.004 0.4 6.75 0.006 0.6 6.82 0.010 1.0 6.71 0.005 0.5 6.77 0.012 1.2 
Corona treated CF-PE 3 6.78 0.005 0.5 6.63 0.004 0.4 6.70 0.009 0.9 6.48 0.009 0.9 6.75 0.010 1.0 6.90 0.003 0.3 
Corona treated CF-PE 4 6.76 0.006 0.6 6.64 0.004 0.4 6.71 0.010 1.0 6.50 0.007 0.7 6.76 0.008 0.8 6.92 0.005 0.5 
 
 
    
(A) (B) 
Figure 5.10 Peak profile observed for each of the standard peptide from: (A) untreated CF-PE film and (B) corona treated CF-PE film and (C) mixture on untreated and corona 
treated CF-PE film.                  Leucine enkephalin,                Angiotensin II,                   Neurotensin,                ACTH 18-39 clip and                Insulin chain B (oxidized). 
  RT = retention time,  SD = standard deviation, and RSD = percentage relative deviation.     
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Nevertheless, the observed retention time for the broad mixture peak was longer on the corona 
treated CF-PE film than on the untreated film.  These results suggested surface-analyte 
interactions occurred to varying degrees on the untreated (hydrophobic) CF-PE film and the 
corona treated (more hydrophilic) CF-PE film.  These observations are consistent with those 
previously obtained using the standard peptide mixture deposited on the surface using the dried 
droplet technique presented in Chapter 4 (Section 4.3, Figure 4.20).  The extent of the difference 
in interaction was further explored using the “stop-flow” technique. 
 
 
5.3.3.2  “Stop-flow” protocol 
 
The retention time data obtained using the on-flow protocol were essential for the design of the 
stop-flow technique.  As noted earlier, this technique relies on stopping the eluent flow while the 
analytes were still within the sample delivery device.  As all peptides were shown to elute within 
7 minutes using the on-flow protocol, an approximation could be made regarding the stop flow 
time.  Knowing the capillary length between the injector and the channel inlet enabled the 
volume inside the capillary to be calculated (2 L).  As the flow rate was set to 1 L.min-1 and the 
injection loop was 1 L it was assumed that the analytes would reach the surface of the CF-PE 
film within 3 minutes.  The syringe pump was stopped after 3 minutes and 45 seconds.  This may 
not have been the optimum stop time but it had the advantage of virtually guaranteeing the 
presence of the analytes on the CF-PE surface when flow was stopped. 
 
After the stop-time was established, 1 L of the standard peptide mixture was injected and 
delivered to the surface of CF-PE film using the protocol from Section 5.3.3.  The pump was 
stopped after 3 minutes and 45 seconds.  The capillary and PEEK fittings at the inlet and outlet of 
the sample delivery device were removed.  The sample delivery device and jig were unclamped 
and the device was carefully removed from the target insert. 
 
Although a minimal amount of solution remained in the microfluidic channel, the majority was 
on the surface of the CF-PE film where the channel had previously been.  The solution was 
allowed to evaporate to dryness at ambient temperature.  The target insert was then removed 
from the jig.  This procedure was carried out in duplicate on both corona treated and untreated 
CF-PE target inserts. 
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5.4  Matrix application 
 
MALDI-TOF mass spectrometric analyses require the use of an excess of matrix molecules that 
serve to absorb energy from the laser and transfer it to the analyte.  Careful matrix deposition is 
therefore critical to desorb molecules efficiently from the surface of the CF-PE film.  Traditional 
liquid phase matrix deposition techniques: dried droplet; layered and sandwich (described in 
section 2.2.6) are unsuitable for this study as the peptides had already been delivered to target 
surface (CF-PE film) using the stop-flow sample delivery protocol.  A method for depositing the 
matrix directly onto the peptides distributed on the target insert surface without disturbing 
their spatial distribution, was required. 
 
Electrospray deposition (ESD), as a sample preparation technique, has previously been reported 
to give uniform films and high yields for plasma desorption mass spectrometry (as mentioned in 
Section 1.4.1).  More recently ESD has been reported to be an effective sample preparation 
method for applying matrix to imaging tissues [9] and TLC plates [10] for MALDI-TOF MS.  These 
and other studies [11-14] have reported improved reproducibility, sensitivity and increased 
signal intensity due to improved matrix uniformity and smaller crystal sizes. 
 
Owens and co-workers [15,16] have reported that application by ESD produces a homogenous 
matrix surface by spraying fine droplets that are nearly completely dry by the time they reach 
the sample surface.  As the droplets are dry once they reach the surface, there is no time for 
long-distance sample segregation to occur during the drying process.  This makes ESD of the 
matrix well-suited to this study of peptides which have already been delivered to the CF-PE 
surface.  Moreover, this method of matrix application also avoids the variations in matrix 
crystalline morphology that may occur due to any minor spatial variation is the 
hydrophobic/hydrophilic character of the CF-PE film 
 
Optimisation of the matrix solvent conditions and the ESD parameters is necessary to obtain 
high-quality mass spectra from the peptides deposited on the CF-PE film.  The mass spectra 
obtained as the laser rasters across the surface will indicate the degree of separation achieved 
by the sample delivery device on the surface of the CF-PE film. 
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5.5  Electrospray deposition device  
 
The electrospray apparatus used in this study was assembled from the following components: a 
Micromass Tri-axial probe (Micromass Limited, Altrincham, U.K.), an adjustable high voltage 
power supply with a voltage range of 0 to 10 kV (Spellman High Voltage Electronics Corp., 
Hauppauge, NY, U.S.A.); a Razel ModelA-99 syringe pump (Razel Scientific Instruments Inc., 
Stamford, CA, U.S.A.); a 5cc lock tip micro-mate glass hypodermic syringe (Popper and sons, Inc., 
NY, U.S.A.); a 50 mm translation stage (Newport, U.S.A.) fitted with a motorised linear actuator 
(Series 850G, Newport, U.S.A) connected to ESP300 x-y-z motion controller (Newport, U.S.A).  
The motion was controlled by ESP 300 interface. 
 
The translation stage fitted with the motorised linear actuator was mounted on a BenchTop 
compact isolation platform (Newport, U.S.A.).  A 50 mm post holder (Newport, U.S.A.) was 
secured to translation stage.  This enabled an in-house stainless steel positioning stage (100 mm 
x 100 mm x 2.5 mm) with a 100 mm stainless steel rod (12 mm in diameter) welded to the 
center of the underside to be secured into position (Figure 5.11 B). 
 
The positioning stage provided an adjustable platform for the sample holder to be located under 
the tri-axial ESI probe.  The sample holder was made in-house from brass (100 mm x 40 mm x 
10 mm) and had a recess (40 mm x 20 mm x 2 mm) manufactured in the center. This enabled the 
target inserts to be reproducibly secured (Figure 5.11 B).  The sample holder and the tri-axial 
ESI probe were connected to a ground in common with the ground for the high voltage power 
supply. 
 
The BenchTop compact isolation platform was surrounded by a Perspex box (70 cm x 58 cm x 
40 cm).  A door (30 cm x 2 cm x 23 cm) on the side of the box allowed access to the position 
stage and sample holder.  A 2 cm hole was drilled in the top of the Perspex box allowing the tri-
axial probe to be routinely positioned above the sample. 
 
The tri-axial probe was designed and manufactured for the Micromass Platform II ESI mass 
spectrometer.  To use the probe off-line several safety interlocks were required.  A 10 cm pin (2 
mm thick) was fixed to (2.5 cm down and 2.5 cm in) on a Perspex plate (10 cm x 10 cm x 0.7 cm) 
with a 2 cm drill hole in the center.  This plate was affixed to the box in line with the previously 
drilled hole for the probe and provided an adequate safety interlock for HV.  A second safety 
interlock was positioned on the door of the Perspex box. 
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Figure 5.11 Photographs of the (A) electrospray deposition apparatus, (B) sample plate holder and 
(C) matrix delivery system. 
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Tri-axial  
ESI probe 
Motion controller 
Sample plate 
holder 
HV power supply 
HV interlocks 
Positioning stage 
BenchTop compact isolation 
platform 
Post holder 
Sample holder 
Target insert with bonded 
CF-PE film 
(A) 
(B) 
(C) 
5.  Sample delivery system for mass spectrometric analysis  
 
 
156 | P a g e  
 
Prior to positioning of the tri-axial probe above the sample stage, a fused-silica capillary (75 µm 
i.d., 360 µm o.d.) was fed through the center of the probe until the capillary protruded 2 mm 
from the probe tip.  The fused-silica capillary tip was cut with a porcelain capillary cutter 
(Alltech Associates, Inc., Deerfield, IL, U.S.A.) to obtain a flat end.  The other end of the capillary 
was fraction-fit mounted in 1/16" capillary sleeve (Upchurch Scientific, Ock, Harbor, WA) into a 
Caplc PEEK comp screw/ferule (Waters) housed in a 1/16 in. stainless steel union (Swagelock, 
Solon, OH).  At the other end of a union another Caplc PEEK comp screw/ferule (Waters) was 
fitted with a blunt point stainless steel needle and an appropriate fitting for a MICRO-MATE 
glass hypodermic syringe.  The syringe was mounted in a Razel ModelA-99 syringe pump 
(Figure 5.11 C). 
 
5.6  Electrospray deposition conditions 
 
As insufficient matrix application can lead to unstable analyte ion signal and excessive wetting 
may cause analyte migration, it is important to optimise the electrospray deposition conditions. 
 
5.6.1  Optimisation of matrix deposition solution 
 
HCCA was selected as the matrix for this study, as it has been routinely used for low molecular 
peptides [17] and has previously been reported as an effective matrix for ESD for MALDI 
[11,12,18].  A series of saturated HCCA solution with varying organic solvent/water 
combinations were prepared.  Solvent combinations consisted of 30:70, 50:50, and 70:30 
organic solvent/0.1% TFA in ultra pure water; organic solvents tested were acetone, acetonitrile 
and methanol.  Applications of methanol- and acetone-based solutions yielded inhomogeneous 
crystal coverage compared with acetonitrile solutions (images not shown).  These observations 
were consistent with those previously reported by Schwartz, Reyzer and Caprioli [17].  Of the 
acetonitrile solutions tested, 70:30 acetonitrile/0.1% TFA in ultra pure water resulted in the 
most homogeneous matrix crystallites and was therefore employed for electrospray deposition 
experiments performed throughout the course of this study. 
 
Saturated HCCA solutions were used when determining the appropriate solvent composition for 
this study.  However, it has been previously reported that the concentration of the matrix in the 
deposition solution can influence the quality of the MALDI mass spectra [17].  To explore if the 
concentration of the matrix affected the quality of the mass spectra, a series of matrix solutions 
were prepared: 10 mg.mL-1, 20 mg.mL-1, >30 mg.mL-1 of HCCA in 70:30 acetonitrile/0.1% TFA in 
5.  Sample delivery system for mass spectrometric analysis  
 
 
157 | P a g e  
 
ultra pure water in a 1.5 mL Eppendorf centrifuge tube.  Matrix solutions were sonicated for ca. 
10 minutes and then centrifuged for 5 minutes at 4000 rpm using a bench top centrifuge.  The 
supernatant was then used as the matrix solution for analyses. 
 
In an effort to mimic analyte-matrix-surface interactions matrix solutions (10 mg.mL-1, 20 
mg.mL-1, and >30 mg.mL-1) were applied to the surface of an untreated CF-PE target-insert in 
duplicate using an inverted layer method (described in section 2.2.6.3).  Angiotensin II (100 
pmol.L-1) was selected as the standard peptide to assess the matrix-surface morphology and 
the mass spectral signal.  An external calibration mixture (1046-2465 Da, listed in Table 2.1) was 
applied to the surface of the untreated CF-PE target insert using the dried droplet method 
(Section 2.2.6.2) in an adjacent position to the Angiotensin II spot.  The target-insert was 
positioned into modified MALDI target (Section 2.3) for mass spectrometric analysis. 
 
MALDI-TOF mass spectra were recorded as described in Section 2.2.7.1.  The laser energy was 
optimised to obtain the minimum laser power necessary to produce a protonated molecule  for 
all samples.  All spectra shown in Figure 5.12 (B) and (C) are the accumulation of 50 shots 
allowing direct comparisons to be made 
 
After MALDI-MS analysis, the matrix surface crystallisation morphology was examined using a 
Philips XL30 SEM (FEI Company, U.S.A.).  The target insert was mounted onto an aluminium stub 
using double sided adhesive carbon tape and sputter coated with gold for 60 seconds at 0.016 
mA (Ar plasma) using a SPI-Module Sputter coater (SPI Supplies Division of Structure Probe, 
Inc).  SEM micrographs were obtained using high vacuum, an intermediate beam current and a 
30 kV accelerating voltage and are shown in Figure 5.12 (A). 
 
Figure 5.12 (A) and Figure 5.12 (B and C) compare the matrix-angiotensin II crystallite 
morphologies and the mass spectra obtained for different matrix (HCCA) concentrations.  The 
SEM micrographs show the entrapment of the analyte molecules into the crystal lattice (bright 
white regions in the 50 micron series). As the matrix concentration increased, the shapes of the 
crystallites did not appear to vary but the thickness of the matrix crystal layer increased as 
shown in the 5 micron series of micrographs.  The presence of [M+Na]+ and [M+K]+ adducts 
peaks in the 20 mg.mL-1 and 30 mg.mL-1 mass spectra indicated that the thickened layer tended 
to trap solvent and other impurities in the pockets of the lattice [17].  In these cases, higher laser 
fluences were required to achieve a signal comparable to that obtained with lower matrix 
concentration.  These factors led to the observed variation in intensity and mass accuracy 
(results not shown). 
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(i) 
(ii) 
(iii) 
Figure 5.12  
(A)   SEM micrographs of HCCA prepared in 70:30 acetonitrile/0.1% TFA in 
ultra pure water at concentrations (i) 10 mg.mL-1, (ii) 20 mg.mL-1 and 
(iii) saturated (>30 mg.mL-1) 
 
(B)   Resulting mass spectra show the influence of matrix concentration  
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Conseqently, the 10mg.mL-1 solution, which gave thinner, more homogeneous microcrystalline 
sample surfaces, better mass accuracy and resolution and less variation in signal intensity, was 
chosen. Moreover, no adduct ions (Figure 5.12 B) were observed in spectra obtained using the 
10 mg.mL-1 HCCA solution. 
 
 
5.7  Electrospray deposition protocol 
 
Electrospray matrix deposition was performed by pumping the matrix solution (10 mg.mL-1 
HCCA in 70:30 acetonitrile/0.1% TFA in ultra pure water) through the capillary in the centre of 
the tri-axial probe at 20 µL.min-1.  A nitrogen bathing gas flowed through the probe and around 
the capillary tip at 300 psi.  A potential difference of 4 kV was applied to the probe tip and the 
distance between the probe tip and target insert was typically 1 cm.  A mask (with a 22 x 2 mm 
slit) was placed over the surface to localise the electrospray deposition of the matrix.  The 
matrix solution was sprayed continuously as the target insert was moved under the probe at 
0.25 mm.sec-1. 
 
 
5.7.1  Assessment of electrospray matrix deposition films 
 
The crystal morphology of the ESD matrix film on the CF-PE target insert was examined by SEM 
using the same conditions as previously described in Section 5.6.1.  The SEM micrographs 
(Figure 5.13) are the result of one application of matrix which was found to be sufficient for 
MALDI analysis in this study (discussed further in Sections 5.8.1 and 5.8.2).  Multiple 
applications led to a decrease in ion intensity and mass resolution (results not shown). 
 
The SEM micrographs shown in Figure 5.13 show the matrix as a fine homogeneous layer of 
crystals uniformly deposited over Angiotensin II on the surface of the CF-PE film.  The average 
crystal size appeared to be several microns.  This is consistent with the observations of DeVoe 
and co-workers [19] who reported a decrease in segregation of matrix/analyte components 
leading to constant analyte ion signal intensity when electrospray deposition was employed. 
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5.8  “Stop-flow” sample delivery technique – MALDI-TOF MS 
analyses 
 
The stop-flow sample delivery technique (Section 5.3.3.2) was used to deliver the standard 
peptide mixture to the surface of the CF-PE film.  Matrix was subsequently applied to the surface 
of the film using the ESD technique described in Section 5.7.  Once the matrix was deposited, the 
target insert was positioned in the modified MALDI target. 
 
Prior to the target being inserted in the mass spectrometer, an external calibration standard 
mixture (1046 – 2465 Da, listed in Table 2.1) was applied to the film’s surface using the dried 
droplet method (Section 2.2.6.2) in a location adjacent to the ESD matrix.  MALDI-TOF mass 
spectrometric analysis was performed using the conditions described in Section 2.2.7.1.  Data 
were acquired using a modification of the auto-sample mode within the Bruker XACQ software.  
During spectrum acquisition the laser (spot size 100 m) was manually moved over the sample 
surface to determine the spatial distribution and relative abundance of the components in the 
Figure 5.13 SEM micrographs of ESD HCCA 
matrix over Angiotensin II. 
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standard peptide mixture.  In this study the laser was moved across the surface from right to left 
corresponding to the direction of flow within the sample delivery device. 
 
ESD resulted in a thin film of homogenous matrix crystallites over the surface of the CF-PE film 
essentially identical to those in SEM micrographs shown in Figure 5.13.  The laser pulsed 50 
times before the matrix-analyte sample was completely desorbed from the surface.  The laser 
was moved to an adjacent position and next spectrum was acquired.  The mass spectra were 
obtained at 200 m increments along the channel and a total of 84 spectra were recorded for 
each target insert.  All spectra shown were obtained using a laser fluence of 33 J/m2 and are a 
summed average of 50 shots allowing direct comparisons to be made. 
 
All experiments were performed in duplicate for both the untreated and corona discharge 
treated CF-PE films to ascertain insert-to-insert reproducibility.  The resulting mass spectra are 
shown in Figure 5.16, Figure 5.18 and Figure 5.19 and a discussion of these results can be found 
in Sections 5.8.1 and 5.8.2. 
 
Before presenting and discussing the mass spectrometric results obtained from the “stop-flow” 
sample delivery protocol, the results of the standard peptide mixture delivered using the dried 
droplet technique will be presented and discussed.  Details of this common MALDI sample 
application technique are given in Section 2.2.6.2. 
 
The MALDI mass spectra of the standard mixture applied to the stainless-steel MALDI target, to 
the untreated CF-PE bonded target insert and to the corona discharge treated CF-PE bonded 
target insert are shown in Figure 5.14 A-C respectively.  MALDI-TOF mass spectrometric 
analysis was performed using the conditions described in Section 2.2.7.1 using a pulse delay of 
25,000 nanoseconds.  All spectra shown are a summed average of 50 shots allowing the direct 
comparisons to be made. 
 
The mass spectra produced from the untreated and corona treated CF-PE targets were equal in 
terms of mass accuracy and resolution to that obtained using a standard stainless steel target.  
Spectra obtained from untreated and corona treated CF-PE targets had comparable signal 
intensities which were greater than those observed in spectra obtained using the standard 
stainless steel target.  Moreover, the spectra from the corona-treated CF-PE target showed the 
[M+H]+ ion for insulin chain B (oxidized) at 3495.3 Da which was not observed in the spectra 
from untreated CF-PE film or stainless steel targets. This may be due to the formation of smaller, 
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Figure 5.14  The MALDI mass spectra of the standard mixture applied to:  (A)  Stainless-steel MALDI 
target  (B)  Untreated CF-PE bonded to the target insert  (C)  Corona discharge treated CF-PE film bonded 
to the target insert. 
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more densely distributed crystallites created as a result of increased wetting of the more polar 
surface during application of the analyte droplet (as previously shown in Figure 4.17).  The 
presence of leucine enkephalin was not observed on the standard stainless target nor the 
untreated and corona treated CF-PE films.  This was likely due to its low molecular weight and 
interference from the matrix ions. 
 
 
5.8.1  Untreated CF-PE film 
 
MALDI-TOF mass spectrometric analysis of the untreated CF-PE film detected three of the five 
peptides spatially separated from one another as shown in Figure 5.16.  The peptides observed 
were: angiotensin II, neurotensin and ACTH (18-36 clip).  The resulting mass spectra (2 to 5) 
are shown in Figure 5.16.  Changes in the relative intensities of these ions were observed as the 
laser rastered across the surface.  The area of separation was localised over 1.1 mm (at ca. 7.7 – 
8.8 mm from the end of the diffusion channels).  In an effort to relate the spatial position to the 
corresponding mass spectra, a projection of the microfluidic channel has been colour coded to 
match the peptide locations (Figure 5.15). 
 
Contamination within the ESD apparatus resulted in observation of only the [M+Cu]+ ion at 
441.0 Da rather than the matrix ion (379 Da), as shown in Spectrum 1 (Figure 5.16).  From the 
insert in Spectrum 1 it appears that peak heights of the copper isotope patteren is consistent 
with a ratio of 63Cu and 65Cu; with an isotopic ratio of 0.70 and 0.30 respectivey.  Despite the 
best efforts of the author to remove this contaminant by replacing the capillary line and flushing 
the system with various solvents, the copper adducts remained.  Spectrum 1 (indicated in 
yellow in Figure 5.15) is representative of the mass spectra obtained along the first 7.7 mm 
from the sample inlet of the sample delivery device. 
 
In Spectrum 2 the peak at 1672.9 Da corresponds to the protonated molecule [M+H]+ of 
neurotensin.  The peaks at 1734.9 Da and 1798.8 Da represent [M+Cu]+ and [M+2Cu]+ 
respectively.  The presence of these adduct ions resulted in suppression of the neurotensin 
molecular ion.  This unfortunate phenomenon was observed in the majority of the mass spectra 
obtained.  Consequently it is difficult to compare mass spectra from sample-to-sample based on 
relative signal intensity alone.  Signal intensity will only be used within each experiment to 
indicate of the presence of peptides on the surface and the changes in intensity as the laser 
moved across the surface.  
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Figure 5.15 Separation of the standard peptide mixture on the surface of the untreated CF-PE film. 
The colours correspond to the standard peptides: In order of appearance: Neurotensin (light blue), ACTH 
(18-39 clip) (red) and Angiotensin II (purple). 
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Figure 5.16 Spectrum 1-6 represent the MALDI mass spectra obtained as the laser rastered across 
the surface of the untreated CF-PE film where a peptide mixture has been delivered to 
the surface using the “stop-flow” technique followed by subsequent ESD matrix 
application. 
 
In Spectrum 2 only neurotensin is observed.  The relative signal intensity of neurotensin 
decreases in Spectrum 3 and, molecular ions appear for angiotensin II at 1046.3 Da and ACTH 
(18-36 clip) at 2465.3 Da.  In Spectrum 4 only ions corresponding to angiotensin II are 
observed.  All have comparable signal intensity to those observed in Spectrum 3.  The observed 
signal intensity of the [M+H]+ angiotensin ion (1046.3 Da) in Spectrum 5 is similar to that of the 
corresponding [M+Cu]+ adduct ion at 1108.2 Da.  In Spectrum 6 only matrix ions are observed 
and this spectrum is representative of the observed mass spectra from ca. 8.8 mm onwards. 
Spectrum 6 
Representative of 8.8 – 20 mm 
Spectrum 4 
8.3 – 8.5 mm 
Spectrum 5 
8.5 – 8.8 mm 
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The mass spectra shown in Figure 5.16 show the differential distribution of the peptides across 
the surface of the CF-PE.  No deviations in mass accuracy were observed as the laser rastered 
across the surface which further suggests that the matrix crystallite morphology was 
homogeneous.  The spatial resolution of this technique is limited to the physical ability to focus 
the laser and to step the laser across the surface of the surface of the sample, as well as by 
possible diffusion of the sample across the surface during application of the matrix.  This may 
account for the very low signal intensity observed for ACTH (18-36 clip) which was only 
observed in Spectrum 3. 
 
Interestingly, no peaks attributable to either leucine enkephalin or insulin chain B (oxidised) 
were observed anywhere along the target surface.  It should be noted that neither of these 
peptides were observed when the standard peptide mixture was applied to the surface of the 
untreated CF-PE film using the dried droplet technique (Figure 5.14 B).  Mass accuracy and 
resolution were comparable for all of the observed peptides. 
 
The spatial locations of the peptides detected on the surface of the untreated CF-PE film using 
the “stop-flow” technique are consistent with the relative retention times observed using the 
“on-flow” technique (Table 5.2, Section 5.3.3.1) on individual peptides.  These results verify 
some degree of differential surface-analyte interaction is occurring on the CF-PE film, which was 
not apparent when the mixture was subjected to on-flow UV-Vis analysis. 
 
 
5.8.2  Corona discharged treated CF-PE film 
 
MALDI-TOF mass spectrometric analysis of the corona-discharge treated CF-PE film detected 
spatial separation of four of the five peptides as shown in Figure 5.17.  Insulin chain B 
(oxidised), previously not detected on the untreated CF-PE was observed in a localised region 
(0.5 mm) ca. 5.5 mm from the diffusion channel located on the bottom right hand corner of the 
target insert.  The other peptides observed were: angiotensin II, neurotensin, and ACTH (18-36 
clip) and their area of separation was localised over 2 mm (ca. 2.5 mm from insulin chain B 
(oxidised) and ca. 8 mm from the sample inlet).  Shifts in the relative intensities of these ions 
were observed as the laser rastered across the surface and the resulting mass spectra are shown 
in Spectra 1 to 12 (Figure 5.17).  In an effort to relate the spatial position to the corresponding 
mass spectra, a projection of the microfluidic channel has been colour coded to match the 
peptide locations (Figure 5.16). 
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Figure 5.17 Separation of the standard peptide mixture on the surface of the corona treated CF-PE 
film. The colours correspond to the standard peptides (in order of appearance): insulin 
chain B (oxidised) (green), Neurotensin (light blue), Angiotensin II (purple) and ACTH 
(18-39 clip) (red). 
 
 
Spectrum 1 (indicated in yellow in Figure 5.16) is representative of the observed mass spectra 
obtained along the first 5.5 mm from the end of the diffusion channel sample inlet of the sample 
delivery device.  Again the matrix ion at 379 Da was not observed, the ions observed at 441.3 Da 
and 503.3 Da corresponding to [M+Cu]+ and [M+2Cu]+ ions respectively (Figure 5.17).  As 
previously mentioned in Section 5.8.1, the signal intensity will only be used within each 
spectrum to indicate of the presence of peptides on the surface and the changes in intensity as 
the laser moved across the surface. 
 
In Spectrum 2 (Figure 5.17) the peak at 3495.4 Da corresponds to the protonated molecule 
[M+H]+  of insulin chain B (oxidised).  The relative intensity of this peak increases slightly in 
Spectrum 3.  In Spectrum 4 only the matrix ions are observed and this spectrum is 
representative of the observed mass spectra from ca 5.8 – 8 mm (as indicated in yellow on 
Figure 5.16). 
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Figure 5.18 Spectrum 1-4 represent the MALDI mass spectra obtained as the laser rastered across 
the surface of the corona discharge treated CF-PE film from 0 – ca. 8.1 mm.  Expanded 
peak in Spectrum 3 illustrates the mass accuracy and resolution obtained for the Insulin 
peak.  
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In Spectrum 5 (Figure 5.18) the peak at 1672.8 Da corresponds to the molecular ion [M+H]+ of 
neurotensin.  The peaks at 1734.9 Da and 1798.8 Da represent [M+Cu]+ and [M+2Cu]+ 
respectively.  An increase in the relative signal intensity of neurotensin is observed in Spectrum 
6.  In Spectrum 7 the relative signal intensity of neurotensin molecular ions decreases as the 
presence of molecular ion for angiotensin II at 1046.5 Da appears with a similar intensity to the 
neurotensin ions.  The signal intensity of neurotensin continues to decrease in Spectrum 8 as 
does the intensity of angiotensin II ions this occurs as a peak at 2465.5 Da appears.  This peak 
corresponds to the [M+H]+ ion of ACTH (18-39 clip).  The observed signal intensity of both 
angiotensin II and ACTH (18-39 clip) are comparable in Spectrum 9.  Only ions corresponding to 
ACTH (18-39 clip) are observed in Spectrum 10 and 11 and the ion intensity increases from 
Spectrum 9 to 10 and then decreases in Spectrum 11.  In Spectrum 12 only the matrix ions are 
observed and this spectrum is representative of the observed mass spectra from ca. 10 mm till 
the sample outlet. 
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Figure 5.19 Spectrum 5-12 represent the MALDI mass spectra obtained as the laser rastered across 
the surface of the corona discharge treated CF-PE film (from ca. 8.1 – 20 mm) where a 
peptide mixture has been delivered to the surface using the “stop-flow” technique 
followed by subsequent ESD matrix application. 
 
The shifts in retention times observed using the “on-flow” sample delivery technique were small 
but suggested that spatial separation of the standard peptide mixture was possible on the 
treated surfaces.  The “stop-flow” technique confirmed that spatial separation of the standard 
peptide mixture does occur on the target surface.  The difference in spatial distribution 
observed for treated and untreated CF-PE inserts indicates that manipulation of the 
hydrophobic/hydrophilic character of the CF-PE surface of target inserts has considerable 
potential as a sample separation and presentation device for MALDI-TOF mass spectrometry.
Spectrum 11 
9.9 – 10.1 mm 
Spectrum 12 
Representative of 10.1 – 20 mm 
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6 
Conclusions and suggestions for further work  
 
 
The preceding chapters have illustrated the design, development and manufacture of an off-line 
sample delivery system.  Sample separation and presentation occurs on an active target surface 
(CF-PE film) compatible with an existing Bruker Biflex MALDI-TOF mass spectrometer. 
 
 
6.1  Conclusions 
 
The manufacture of a modified MALDI target which can act as an off-line sample separation and 
presentation device has been achieved.  The modified target incorporates a removable insert 
coated with a customisable polymer surface.  The concept of this target design is not limited to 
the dimensions of the Bruker Biflex II mass spectrometer and can therefore be applied to 
MALDI-TOF instruments in general. 
 
As evidenced by the number of developing LDI techniques (presented in Chapter 3) the surface 
of the target has become an area of interest in recent years.  Prior to the start of this project, 
non-polar surface media, attached to standard MALDI targets with double sided tape, had been 
reported as suitable alternative media for MALDI-TOF mass spectrometric analyses.  Since 
carbon (black) filled polyethylene (CF-PE) film had been reported to provide the precise 
electrical potential necessary for TOF analyses, CF-PE film was chosen as bonding film on the 
target insert in this project. 
 
The disadvantages associated with the use of double sided tape to attach the film were avoided 
by bonding the CF-PE film directly to the metal surface of the insert.  Both SEM images and 
MALDI-TOF spectra indicated the film surface morphology was maintained as a well-defined flat 
surface necessary for TOF analysis.  Furthermore, the resulting mass spectra suggested that the 
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CF-PE film reduced the internal energy of the samples enabling greater sensitivity and mass 
resolution than those obtained using standard stainless steel MALDI targets. 
 
Once the CF-PE film was established as an effective medium for MALDI-TOF analyses, attention 
was turned to alteration of the surface properties of the film.  Two surface modifications 
systems were assembled and treating protocols were developed (Chapter 4) to enable the 
controlled exposure of the CF-PE film. 
 
The laser photomodification technique developed was unsuccessful due to insufficient photon 
energy generated by the Nitrogen laser to chemically modify the film surface. 
 
The application of corona discharge as a means of altering the surface properties of the CF-PE 
film was successful.  The novel in-house designed electrode used to generate the corona proved 
to be effective in producing a homogeneously altered surface.  However, water droplet contact 
angle measurements indicated that a well-defined gradient could not be generated by 
manipulating the number of passes of the corona over different sections of the surface.  This 
may have been due to the ill-defined region of corona exposure compared to the submillimetre 
control offered by laser photomodification. 
 
The surface morphology of the corona treated films was assessed using complementary AFM 
and SEM techniques and the upper limit for corona exposure (450 watt) was established.  
Thorough characterisation of the chemical structure of the films exposed to different treatment 
levels (untreated to 450 watts) was performed using contact angle measurements, XPS and 
FTIR-ATR imaging.  All results indicated that corona discharge exposure increased the 
hydrophilicity of the film without altering its surface morphology.  This was confirmed by the 
mass spectra (Section 4.3) obtained when a standard peptide mixture was applied to the 
untreated and corona treated CF-PE targets.  The mass accuracy and resolution in each case 
were essentially the same.  Moreover, the appearance of an insulin chain B (oxidised) signal in 
the spectrum obtained using 450 watt treated film, indicated that more favourable surface-
analyte interactions (for this analyte) were occurring as the surface hydrophilicity increased. 
 
After an improved target surface was developed a system was required to deliver samples to the 
surface.  This system (Chapter 5) enabled the analyte solution to flow in a restricted manner 
along the surface of the CF-PE film.  Two sample delivery protocols were adopted.  The on-flow 
protocol provided retention times for each of the standard peptides on untreated and corona-
treated films.  These times were very close but reproducible and were subsequently used in the 
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development of the stop flow protocol.  As all peaks eluted within 7 minutes a stop-flow time of 
3 minutes and 45 seconds was used. 
 
As the peptides were already deposited on the target surface, traditional matrix deposition 
techniques (Chapter 2) were unsuitable and an electrospray deposition approach was adopted.  
After electrospray deposition of the matrix the target insert was positioned within the modified 
MALDI target and mass spectra were obtained as the laser rastered along the surface. 
 
The mass spectra obtained from both untreated and corona-treated CF-PE films showed spatial 
separation of the standard peptide mixture.  On the untreated surface only three of the five 
peptides (angiotensin II, neurotensin, and ACTH (18-36 clip)) were observed and all three 
displayed some degree of separation.  On the treated surface these three together with Insulin 
chain B (oxidised) were observed.  Compete spatial separation of insulin was observed and 
separation of the other three increased compared to that obtained on the untreated CF-PE 
surface. 
 
The separation afforded by the device was restricted by the area available for separation on the 
target surface and the failure of the corona treatment to produced a well-defined hydrophilicity 
gradient.  Nevertheless, using the surface as the means for separation offers great potential. 
 
 
6.2  Suggestions for further work 
 
This thesis has presented a series of proof-of-concept studies, which by implication means 
further work is required. 
 
In particular, photomodification of the surface using a laser of higher photon energy would alter 
the surface properties of the CF-PE film.  If laser treatment can modify the chemistry of the 
surface without destroying its planarity, the work on the surface modification of the CF-PE 
could be extended to the formation of a surface gradient.  Improved separation of the other 
peptides (in the mixture) may be attainable with a surface possessing a hydrophilicity gradient.  
As well as this, a more versatile surface for generalised MALDI-TOF mass spectrometric 
analyses may be obtainable. 
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The stop-flow time used in delivery of the analytes to the surface could be further explored to 
ascertain if spatial separation of the standard peptides improved.  In addition, further 
investigation of the solvent composition and flow rate may also assist in achieving this and 
extending the application to more complicated mixtures.  
 
The inclusion of copper adducts in the obtained mass spectra prevented any conclusions to be 
drawn regarding the signal intensities observed from untreated and corona treated films.  The 
removal of the copper containment from the assembled electrospray desposition apparatus 
would enable further examination of the surface-analyte interactions as the surface 
hydrophilicity increased. 
 
Hopefully, the results presented here will stimulate thought to the commercialisation of an 
alternative off-line approach for MALDI-TOF mass spectrometry where the surface itself 
provides the means of separation.  Such a device may offer an alternative to the inclusion of 
traditional LC and CE separation techniques for protein mass spectral analyses. 
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Appendix 1 
 
Complete table of voltage list used to acquire PSD spectra (as mentioned in Section 2.2.7.2, and 
Section 3.5). 
 
Voltage List 
20.00 
18.60 
16.00 
13.11 
10.61 
8.59 
6.95 
5.75 
4.56 
3.63 
2.99 
2.42 
1.98 
1.59 
1.28 
1.04 
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Appendix 2 
 
All parts were purchased from Newport, U.S.A., and mounted using M6 black oxides coated 
socket-head thumbscrews. 
 
Catalog No  
SPX 028AR.10 UV fused silica plano convex lens 
ID1.0 (M-ID-1.0) Iris diaphragms  
10D20ER.2 UV enhanced aluminium mirror (25.4 mm) 
LH-100 Lens holder  
M-443 50 mm travel translation stage 
850G DC Motorised actuator with adjustable 0-50 mm travel  
ESP300  Controller (part number ESP-300 – 11NN1N) 
360-30 Angle bracket 
M-BR-2024-OPT 02 Compact isolation platform  
MRL-6M  Mini rail (150 mm long) 
M-MCF  Flat rail carrier 
281 Lab jack  
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Appendix 3 
 
AutoCAD designs of the reaction cell and L-bracket employed in the laser treated apparatus 
described in Section 4.1.1.1 and shown in Figure 4.2. 
 
Reaction Cell – AutoCAD design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
46 mm 
40 mm 
40 mm 
7 mm 
30 mm 
Open top quarts cell, 
Starna Pty Ltd 
Lid manufactured from Teflon with 
two fixtures to enable gas to flow in 
and out of the reaction cell  
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L-bracket – AutoCAD design. 
The L-bracket was designed to ensure that the reaction cell was reproducibly positioned under 
the laser beam 
 
 
 
 
 
Complete AutoCAD design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spring loaded mechanism to 
secure the reaction cell routinely 
into position 
Tapered positioning holes to 
coincide with mounting holes on 
the translation stage 3 mm 75 mm 
75 mm 
15 mm 
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Appendix 4 
 LabVIEW program consists of two main components (A) the front panel and (B) the block diagram.  The front panel was used to select the program and the number 
of repetitions. The block diagram contains various icons that a wired together to create a source code, which is hidden when programs are being executed  
(A) 
(B) 
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Laser treating program used in Section 4.1.1.2 
 
A section (0 – 0.5 mm) of the laser treating program used in Section 4.1.1.2 is listed below.  The 
complete treated program employed the same code but continued to 2mm on stage two. 
 
2MO;2PA0;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.025;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.05;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.075;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.1;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.125;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.15;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.175;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.2;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.225;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.25;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.275;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.3;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.325;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.35;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.375;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.4;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
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2MO;2PA0.425;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.45;2WS100;2MF;RQ 
1MO;1PA21;1WS100;1MF;RQ 
2MO;2PA0.475;2WS100;2MF;RQ 
1MO;1PA0;1WS100;1MF;RQ 
2MO;2PA0.5;2WS100;2MF;RQ 
 
Corona discharge treating programs used in Section 4.1.2.3 and Section 4.2.2.3 
 
Standard corona discharge treating protocol from Section 4.1.2.3 
 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA20;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA20;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA20;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA20;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
 
Gradient program used in Section 4.2.2.3 
 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA15;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA15;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA15;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA15;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA10;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA10;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA10;2WS100;2MF;RQ 
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2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA10;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA5;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA5;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA5;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ 
2MO;2PA5;2WS100;2MF;RQ 
2MO;2PA0;2WS100;2MF;RQ
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Appendix 5 
 
AutoCAD drawings of the modifications made to counter electrode purchased from Tantec as described in Section 4.1.2.2.1 and shown in Figure 4.8.  
 
 
Counter electrode 
Anit-vibration stands were designed 
to screw into the legs of the counter 
electrode. 
Modified counter electrode leg 
to accommodated anti-vibration 
stand 
37 mm 
25 mm 
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Appendix 6 
 
Protein structures downloaded from the Protein Data Bank (PDB) and visualisation of the structures was performed using the RasMol software (Version 
2.6-ucb).  Protein Data Bank identification codes, dimensions and cross section areas for peptides/proteins used in this studied are listed in Table 5.1 
Section 5.2.2. 
 
Angiotensin II 
 
     
 
22.14 Å 
17.20 Å 
22.14 Å 
17.20 Å 
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Insulin – bovine pancreases 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
31.72 Å 27.24 Å 
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Myoglobin - Horse skeletal muscle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
36.30 Å 
44.94 Å 
36.30 Å 
44.94 Å 
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